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OBJECTIVE:  The  objective  of  this  project  is  to  characterize  the  effects  of  interleukin- 16 
(IL-16)  on  the  adhesion  of  blood  T  cells  to  matrix  proteins  and  to  endothelial  cells  (EC), 
and  determine  the  mechanisms  behind  this  regulation. 


APPROACH:  The  adhesion  of  T  cells  or  T  cell  lines  to  matrix  proteins  or  EC  is  assessed 
using  a  fluorescence-based  assay.  Recombinant  IL-16  is  produced  and  purified  using 
standard  methods.  The  effects  of  IL- 1 6  on  integrin  subunit  function  is  detected  by  the 
use  of  blocking  antibodies.  The  role  of  CD4  is  to  be  dissected  using  a  murine  T  cell 
hybridoma  transfected  with  wild  type  human  CD4  or  various  CD4  mutants  or  chimeras, 
and  by  the  use  of  inhibitors  of  signaling  pathways.  The  interaction  of  IL-16  with  heparin 
sulfate  proteoglycans  is  assessed  by  binding  to  heparin,  and  by  heparin-  or  antibody- 
inhibitable  binding  to  endothelial  cells  (EC). 


ACCOMPLISHMENTS  :  1.  lL-16  induced  the  adhesion  of  primary  blood  T  cells  to 
fibronectin.  We  have  submitted  for  publication  our  previous  findings  showing  the 
induction  by  IL-16  of  primary  blood  T-cell  adhesion  to  fibronectin,  and  the  dependence 
of  this  adhesion  on  the  activation  of  beta- 1  integrin  function.  This  last  was  shown  using 
blocking  studies  using  monoclonal  antibodies  to  the  alpha4  and  alphaS  beta-1  integrins 
(these  antibodies  blocked  all  baseline  and  induced  adhesion),  and  the  demonstration  that 
the  cell  surface  levels  of  beta- 1  integrins  was  not  increased  by  short  term  treatment  with 
IL-16.  This  effect  was  time  dependent  and  decayed  over  two  to  four  hours.  This  effect 
was  also  seen  with  the  BY  parent  T  cell  line,  a  murine  T  cell  hybridoma  which  expresses 
murine  CD4  and  which  is  sensitive  to  the  migratory  and  the  adhesive  effects  of  IL-16, 
and  which  appears  now  to  be  the  best  experimental  model  of  T  cell  signaling  in  response 
to  IL-16.  This  cell  line  and  a  series  of  CD4  mutant  transfected  cell  lines  will  be  used  to 
determine  the  signaling  pathways  used  by  IL-16  to  induce  adhesion.  Initial  experiments 
suggest  that  IL-16  induced  adhesion  is  sensitive  to  the  PI3  kinase  inhibitor  Wortmannin. 
We  hypothesize  that  IL-16  may  employ  this  signaling  pathway  to  alter  integrin  function 
as  has  been  previously  hypothesized  for  other  such  stimuli. 

2.  We  have  performed  similar  experiments  looking  at  the  induction  of  adhesion  of 
T  cell  adhesion  to  the  RGD  containing  cytokine,  osteopontin.  This  cytokine  acts  via 
numerous  receptors,  including  the  aVb3  integrin  (the  vitronectin  receptor)  and  CD44. 
Using  techniques  developed  for  this  grant,  we  are  also  looking  at  heparin  and  endothelial 
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Critical  progress  has  been  made  in  the  identification  and  characterization  of  cells 
and  mediators  involved  in  allergic  inflammation.  Accumulating  evidence  supports  the 
inportance  of  cell  adhesion  molecule  expression  as  an  initiating  process  in  tissue 
inflammation.  Despite  progress  made  to  date,  much  is  still  unknown  about  the  exact 
mechanians  responsible  for  this  inflammatory  response.  Scientists  have  been  working 
to  understand  the  selective  cell  recruitment  operating  in  allergic  disease  with  the 
hope  of  discovering  therapeutic  intervention  strategies  that  will  prevent  the 
accumulation  of  unwanted  cells  in  inflamed  airways.  Research  has  been  directed  at 
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ial  wall.  Many  studies  have  been  done,  both  in  vivo  and  in  vitro,,  and  the  advcinces 
that  have  been  made  suggest  that  these  therapeutic  interventions  may  be  the  keys  to 
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cell  binding  of  this  novel  cytokine  which  contains  a  consensus  heparin  binding  site  near 
the  RGD  sequence.  In  previous  studies  we  had  shown  that  osteopontin  is  produced  early 
in  numerous  inflammatory  lung  diseases,  by  both  mononuclear  cells  and  by  epithelial 
cells.  Osteopontin  is  chemotactic  for  monocytes/macrophages  and  T  cells,  and  co¬ 
stimulates  the  proliferation  of  T  cells.  Osteopontin  also  co-stimulates  the  production  of 
cytokines  by  T  cells,  especially  interferon-gamma  and  IL-12.  We  have  not  yet  examined 
the  effects  of  Osteopontin  on  IL-16  synthesis  or  release.  The  presence  of  the  aVb3 
integrin  on  a  subset  of  osteopontin-responsive  T  cells  is  also  a  novel  finding,  and  we  are 
characterizing  this  subset  of  cells. 

3.  We  have  directly  demonstrated  binding  of  rIL-16  to  heparin  using  heparin- 
sepharose  or  control  columns  and  also  to  a  heparin-inhibitable  site  on  resting  and 
activated  endothelial  cells.  These  are  likely  Heparan  sulfate  proteoglycans,  as  previously 
postulated.  We  also  found  that  heparin  inhibited  the  chemotactic  function  of  IL-16  in  a 
dose  dependent  manner.  Unlike  IP- 10  and  some  other  heparin  binding  chemokines,  IL- 
16  did  not  appear  to  have  either  a  proliferative  or  antiproliferative  effect  on  endothelial  or 
epithelial  cells.  We  are  preceding  in  two  directions.  First,  we  v^ll  determine  if 
antibodies  to  other  possible  binding  sites  (for  example,  CD44)  will  inhibit  endothelial  cell 
binding.  Of  note,  osteopontin  is  a  putative  CD44  ligand,  and  we  are  examining  the  role 
of  CD44-osteopontin  interactions  on  IL-16  binding.  Second,  we  plan  to  determine  the 
molecular  interactions  responsible  for  heparin  binding.  Using  a  model  of  the  predicted 
primary  structure  of  human  IL-16,  we  found  that  the  predicted  isoelectric  point  was  5.2, 
much  lower  than  the  observed  pl  of  9.2-9.4.  This  suggests  that  positively  charged  amino 
acids  (7  lysines  and  4  airginines)  which  make  up  only  11/121  of  the  primary  sequence 
contribute  relatively  highly  to  migratory  behavior  in  solution  isoelectric  focusing. 
Interestingly,  there  is  a  stretch  of  four  negatively  charged  residues  (including  the 
sequence  RRK)  in  a  region  predicted  to  be  highly  hydrophilic  and  thus  likely  external  in 
aqueous  solution  and  available  to  interact  with  heparin.  This  stretch,  from  aa  105-1 1 1  is 
in  the  C-terminus,  but  does  not  appear  to  be  in  an  alpha  helical  region,  as  has  been  found 
in  the  heparin  binding  C-terminal  regions  of  some  alpha  chemokines.  We  have 
contracted  deletion  mutants,  deleting  part  or  all  of  this  C-terminal  sequence.  These 
mutants  were  developed  and  expressed  in  our  laboratoiy  by  our  collaborators  Hardy 
Komfeld  and  John  Nicoll.  Finally,  we  have  determined  that  at  least  some  of  the  adhesion 
of  recombinant  IL-16  to  endothelial  cells  and  to  the  heparin  matrix  was  due  to  processing 
artifacts  caused  by  the  processing  of  the  recombinant  protein,  including  the  histidine  tag. 
Because  of  these  findings,  we  are  re-engineering  the  synthesis  and  processing  of  IL-16  in 
this  laboratory  before  finishing  these  studies.  It  is  of  interest  that  several  publications 
firom  other  laboratories  which  reported  heparin  and/or  endothelial  cell  binding  used 
histidine  tagged  recombinant  molecules. 

SIGNIFICANCE:  IL-16  is  a  novel  cytokine  released  early  in  antigen  induced  asthma,  and 
produced  by  both  T  cells  and  epithelial  cells.  It  is  a  potent  chemoattractant  for  CD4+  T 
cells,  monocytes  and  eosinophils.  These  experiments  answer  important  questions  about 
the  basic  biology  of  IL-16  and  its  mechanism  of  action. 
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Tissue  and  T  Cell  Distribution  of  Precursor  and  Mature  IL-16^ 


GeoflFrey  L.  Chupp,^*^  Eric  A.  Wright,*  David  Wu,*  Margaret  Vallen-Mashikian,* 

William  W.  Cruikshank,*  David  M.  Center,*  Hardy  Kornfeld,*  and  JeflFrey  S.  Berman*  '' 

IL-16  is  a  novel  cytokine,  which  is  chemoattractant  for  CD4'^  T  cells,  macrophages,  and  eosinophils.  Recently,  it  was  reported  that 
IL-16  is  synthesized  as  an  approximately  80-kDa  precursor  molecule,  pro-IL-16.  Since  little  is  known  about  the  processing  and 
tissue  distribution  of  IL-16  and  pro-IL-16,  we  investigated  the  distribution  of  IL-16  mRNA  and  protein  in  human  lymphoid  tissue. 
Northern  blotting  identified  IL-16  niRNA  predominantly  in  normal  lymphoid  organs,  including  PBMC,  spleen,  and  thymus. 
Immunohistochemistry  of  human  lymph  node  localized  IL-16  protein  to  lymphocyte  cytoplasm  within  T  cell  zones  and  occasionally 
in  lymphocytes  in  B  cell  zones.  Flow  cytometric  detection  of  intracellular  IL-16  showed  that  >70%  of  CD4^  and  CDS"^  T  cells 
constitutively  expressed  IL-16  protein.  Western  blot  analysis  of  PBMC  revealed  nearly  all  of  this  protein  to  be  approximately 
80-kDa  pro-IL-16  in  unstimulated  PBMC,  and  upon  cell  activation,  the  amino  terminus  of  pro-IL-16  is  processed  into  multiple 
fragments.  These  results  show'  that  pro-IL-16  is  widely  and  constitutively  expressed  and  suggest  that  the  amino  terminus  of  the 
protein  can  be  processed  upon  cell  activation.  The  Journal  of  Immunology ^  1998,  161:  3114-3119. 


Interleukin- 16  is  a  multifunctional  cytokine  thcU  induces  its 
effects  following  interaction  with  CD4  (1-4).  IL-16  is  a  che- 
motactic  factor  for  CD4’^  T  cells  (5),  monocytes  (6),  and 
eosinophils  (7)  and  has  been  shown  to  up-regulate  IL-2R  (CD25) 
(1,6)  and  induce  the  transient  loss  of  responsiveness  via  the  TCR 
(8,  9).  Since  these  properties  suggest  that  IL-16  may  play  an  im¬ 
portant  role  in  migration  and  activation  of  CD4'*’  T  cells  in  vivo, 
we  and  others  have  attempted  to  identify  the  role  of  IL-16  in  dis¬ 
eases  characterized  by  CD4'^  T  cell  involvement,  such  as  multiple 
sclerosis  (10,  II),  asthma  (12-14),  and  AIDS  (15-17).  Most  re¬ 
cently,  IL-16  has  been  shown  to  inhibit  HIV-1  replication  by  inuc- 
tion  of  a  repressor  element  that  binds  to  the  core  enhancer  of  the 
HIV-1  long  terminal  repeat  (16),  but  not  inhibit  viral  entry  (18). 

Bioactivity  ascribed  to  IL-16  was  first  identified  in  supernatants 
from  Con  A-stimuIated  PBMC  that  migrated  at  about  14  kDa  in  SDS- 
PAGE  (5,  19).  The  full-length  IL-16  cDNA,  however,  appears  to  code 
for  a  631 -amino  acid  protein  with  a  predicted  molecular  mass  of  67 
kDa;  the  recombinant  product  of  this  cDNA  migrated  in  SDS-PAGE 
near  80  kDa  (20).  Western  blot  analysis  of  the  natural  protein  with 
Abs  against  bioactive  14-kDa  IL-16  identified  an  approximately  80- 
kDa  band  in  PBMC,  which  confirmed  the  existence  of  an  approxi¬ 
mately  80-kDa  protein  and  suggested  that  IL-16  is  first  synthesized  as 
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a  precursor,  pro-IL-16’^  (20,  21 ).  Processing  appears  to  be  by  cleavage 
at  aspartic  acitJ  residue  510,  resulting  in  the  secretion  of  a  121-amino 
acid  C-terminal  peptide,  IL-16.  which  autoaggregates  to  form  bioac¬ 
tive  multimers  (1,  19,  20). 

Little  is  known  about  the  expression  and  processing  of  pro-IL- 
16.  however,  work  with  T  cell  subsets  suggests  that  pro-IL-16 
processing  may  differ  among  cell  types.  IL-16  bioactivity  is  re¬ 
trievable  from  unstimulated  CDS"^  T  cell  lysates,  and  release  of 
bioactivity  is  induced  within  4  to  6  h  following  histamine  or  se¬ 
rotonin  stimulation,  indicating  that  bioactive  IL-16  is  constitu¬ 
tively  expressed  in  CDS'^  T  cells  (22,  23).  In  contrast,  CD4'^  T 
cells  do  not  constitutively  express  or  secrete  IL-16  chemoattractant 
activity  under  these  conditions  (22,  24),  but  have  been  shown  to 
constitutively  express  IL-16  mRNA.  This  discordance  between 
CD4'^  and  CD8'^  T  cells  would  be  explainable  in  part  by  the 
existence  of  a  biologically  inactive  form  of  IL-16,  possibly  pro- 
IL-16  (22). 

Given  the  potentially  important  role  this  cytokine  plays  in  dis¬ 
ease,  defining  the  tissue  and  cellular  distribution  of  IL-16  will  ad¬ 
vance  the  understanding  of  the  factors  governing  its  synthesis,  pro¬ 
cessing,  and  secretion.  In  the  current  study,  we  sought  to  determine 
the  tissue  and  cellular  distribution  of  pro-IL-16  in  human  T  cells. 
Widespread  expression  of  pro-IL-16  was  identified  in  lymphoid 
tissues  and  circulating  lymphocytes  by  Northern  blot  analysis  and 
immunohistochemi.stry.  Using  flow  cytometry  and  intracytoplas- 
mic  staining  of  PBMC  and  Western  analysis  of  T  cell  lysates,  we 
characterized  the  expression  of  IL-16  in  circulating  lymphocytes, 
differentiated  pro-  from  mature  IL-16,  and  assessed  the  effect  of 
cell  activation  on  the  expression  of  pro-IL-16. 

Materials  and  Methods 

Rea  get}  fs 

Recombinant  IL-16  was  generated  as  previously  de.scribed  (1).  Briefly,  a 
cDNA  fragment  corresponding  to  the  IL-16  ORF  plus  nine  additional 
NH4-terminal  amino  acids  (GenBank  accession  no.  M90391,  nucleotides 
787-1  130)  was  ligated  into  the  Escherichia  rr^// expression  vector  pET-16b 
for  the  generation  of  a  rIL- 1 6-polyhistidine  fusion  protein  that  was  purified 
by  metal  chelation  chromatography.  For  the  generation  of  Abs.  the  fusion 


Abbreviations  used  in  this  paper:  pro-IL-16.  approximately  8()-kDa  precursor  IL-16; 
NWNT.  nonadherenl  T  cells. 
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Ab  86  mAb  14.1 


mAb  17.1 
Ab  16 

FIGURE  1.  Structure  and  Ab  recognition  and  current  understanding  of 
the  IL-16  molecule.  IL-16  is  synthesized  as  a  631 -amino  acid  precursor 
(pro-IL-16),  and  the  secreted  fragment  (IL-16)  autoaggregates  to  form  bio¬ 
active  multimers.  mAbs  17.1,  14.1,  and  Ab  16  detect  the  secreted  portion 
of  IL-16,  while  Ab  86  detects  a  15-amino  acid  peptide  sequence  in 
pro-IL-16. 


protein  was  cleaved  with  factor  Xa  to  remove  the  polyhistidine  tag.  Re¬ 
combinant  IL-16  was  resuspended  in  PBS  for  use  in  blocking  studies  or,  in 
the  case  of  Western  blotting,  diluted  SDS  sample  buffer,  boiled  for  5  min, 
and  stored  at  -20‘’C.  In  vitro  translated  ^^S-labeled  pro-IL-16  (derived 
from  the  full-length  IL-16  cDNA,  GenBank  accession  no.  90391,  encoding 
a  631-amino  acid  protein)  was  synthesized  using  a  rabbit  reticulocyte  ly¬ 
sate  kit  (Promega). 

Antibodies 

Rabbit  polyclonal  anti-pro-IL-16  Ab  86  was  prepared  by  immunizing  rab¬ 
bits  with  the  synthetic  peptide  86  (5'-NGKSLKGTTHHDALA-3').  This 
peptide  corresponds  to  amino  acids  465  to  479  of  the  pro-IL-16  sequence, 
but  is  not  included  in  mature  IL-16  (Fig.  1).  Sequence  comparison  of  this 
1 5-amino  acid  peptide  against  GenBank,  EMBL,  and  PIR  databases 
showed  no  homology  with  any  known  protein.  Rabbit  polyclonal  anti- 
IL-16  Ab  16  was  prepared  from  rIL-16-immunized  rabbit  sera  as  previ¬ 
ously  described  (1).  Murine  anti-IL-16  mAbs  14.1  (isotype  IgG2a,  k)  and 
17.1  (isotype  IgGl,  k)  were  generated  by  Agmed  (New  Bedford,  MA)  and 
were  screened  based  on  their  ability  to  specifically  block  bioactivity  in 
vitro  and  recognize  rIL-16  by  Western  blotting.  All  Abs  were  purified 
using  protein  A  as  previously  described  (1).  FITC-conjugated  mAb  17.1 
was  prepared  using  a  FluoReporter  kit  (Molecular  Probes,  Eugene,  OR)  for 
intracellular  cytokine  staining.  Isotype  control  mAb  were  purchased  from 
BioSource  (Camarillo,  CA),  PharMingen  (San  Diego,  CA),  or  Zymed  (San 
Francisco,  CA),  and  anti-CD3  mAb  was  obtained  from  PharMingen.  Anti¬ 
mouse  and  rabbit  horseradish  peroxidase-conjugated  Ab  for  Western  blots 
were  purchased  from  Pierce  (Rockford,  IL). 

Cell  preparation 

Blood  was  drawn  from  normal  volunteers,  aged  18  to  35  yr,  into  heparin¬ 
ized  (100  U/ml)  syringes.  The  blood  was  sedimented  for  1  h  at  37°C,  and 
the  leukocyte-rich  plasma  was  aspirated,  washed,  pelleted,  and  resus¬ 
pended  in  medium  199  plus  0.4%  BSA.  This  suspension  was  layered  on 
Ficoll-Hypaque  cushions  and  centrifuged  at  500  X  g  for  45  min.  The  sub¬ 
sequent  PBMC-rich  layers  were  aspirated  and  washed  with  medium  three 
times  and  used  or  passed  over  nylon  wool  to  acquire  nonadherent  T  cells 
(NWNT).  Pure  CD4'^  or  CD8‘*'  T  cells  were  prepared  by  negative  selection 
as  previously  described  (22).  Briefly,  NWNT  were  incubated  with  5  /xg/ 
1X10^  cells  with  murine  anti-human  CD4  or  CDS  mAb  for  30  min  at  4®C. 
Magnetic  beads  (BioMag,  Advanced  Magnetics,  Cambridge,  MA)  conju¬ 
gated  with  goat  anti-mouse  IgG  were  added  for  30  min  at  4°C,  a  magnet 
was  taped  to  the  bottom  of  the  flask,  and  nonadherent  cells  were  collected. 
This  method  routinely  resulted  in  cell  populations  95  to  98%  depleted  of 
labeled  cells. 

Northern  blot  analysis 

A  commercial  multiple  tissue  Northern  blot  (Human  MTN  Blot  II,  Clon- 
tech,  Palo  Alto,  CA)  consisting  of  2  fig  poly(A)'^  RNA/lane  from  specific 
tissues  transferred  from  a  formaldehyde/ 1 .2%  agarose  gel  onto  a  positively 
charged  nylon  membrane  was  probed  with  a  ‘^^P-labeled  fragment  of  the 
human  IL-16  cDNA  corresponding  to  the  C-terminal  393  bp  of  the  coding 
sequence  (1).  The  membrane  was  treated  for  1  h  with  a  prehybridization 
solution  (QuikHybe,  Stratagene,  La  Jolla,  CA)  containing  10  mg/ml 
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salmon  sperm  DNA  and  subsequently  hybridized  with  ^^P-labeled  cDNA 
probe  overnight  at  68°C.  After  hybridization,  the  blot  was  washed  twice  at 
low  stringency  conditions  of  2X  SSC  (300  mM  NaCl,  30  mM  .sodium 
citrate,  0.5%  sodium  pyrophosphate,  and  1%  sodium  lauryl  sarkosine)  at 
room  temperature,  followed  by  a  wash  at  high  stringency  of  0. 1  X  SSC  at 
60®C.  Hybridization  was  visualized  by  autoradiography. 

Immunohistochemistry 

Two  human  lymph  nodes  acquired  from  excess  tissue  resected  during  sur¬ 
gical  procedures  and  found  to  be  normal  reactive  lymphoid  tissue  were 
embedded  in  optimal  cutting  temperature  compound  and  snap-frozen  at 
-70®C.  Sections  were  fixed  in  cold  methanol  for  5  min  and  then  washed 
with  PBS.  Immunohistochemistry  was  performed  with  a  Vectastain  ABC 
kit  according  to  the  manufacture’s  protocol  (Vector  Laboratories,  Burlin¬ 
game,  CA).  mAb  14.1  or  isotype  control  Ab  were  diluted  to  identical  con¬ 
centrations  in  PBS,  pipetted  onto  sections,  and  incubated  overnight  at  4°C. 
Secondary  Abs  were  labeled  with  biotin,  and  detection  was  performed  with 
a  strepavidin-horseradish  peroxidase  conjugate  and  diaminobenzidine  sub¬ 
strate.  Slides  were  counterstained  with  hematoxylin,  dehydrated  in  graded 
ethanol  solutions,  equilibrated  with  xylene,  and  coverslipped.  Representa¬ 
tive  sections  were  photographed  with  Kodak  Ektachrome  60T  (Eastman 
Kodak,  Rochester,  NY).  Images  were  prepared  with  Adobe  Photoshop 
(Mountain  View,  CA). 


Intracellular  IL-16  staining  and  flow  cytometry 

Intracellular  staining  was  accomplished  using  a  protocol  available  from 
PharMingen  based  on  work  by  Sander  and  colleagues  (25,  26).  Briefly,  10^ 
PBMC  were  suspended  in  filtered  staining  buffer  (PBS,  1%  heat-inacti¬ 
vated  FCS,  and  0.1%  (w/v)  sodium  azide,  pH  7.4-7.5)  at  2  X  10®  cells/ml 
and  incubated  with  phycoerythrin-conjugated  Ab  to  the  desired  surface  Ag 
for  30  min.  The  cells  were  washed  once  with  staining  buffer  and  centri¬ 
fuged.  The  resulting  pellet  was  resuspended  in  100  /xl  of  4%  paraformal¬ 
dehyde  and  PBS,  pH  7.4,  for  20  min.  After  washing  with  staining  buffer 
and  centrifugation,  the  cells  were  resuspended  in  50  /xl  of  permeabilization 
buffer  consisting  of  staining  buffer  and  0.1%  saponin  (w/v)  and  incubated 
with  0.3  fig  of  FITC-conjugated  anti-IL-16  mAb  17.1  or  isotype  control  for 
30  min.  The  cells  were  then  washed  once  with  permeabilization  buffer  to 
remove  unbound  intracellular  Ab,  centrifuged,  resuspended  in  10%  buff¬ 
ered  formalin,  and  analyzed  by  flow  cytometry  using  a  FACScan  (Becton 
Dickinson,  Mountain  View,  CA).  Analysis  of  10,000  events  within  the 
lymphocyte  gate  was  performed  using  LYSYS  software  (Becton  Dickin¬ 
son)  and  Microsoft  Excel  (Seattle,  WA). 

Surface  staining  control  and  blocking  studies 

To  control  for  the  possibility  of  anti-IL-16  mAb  binding  to  the  cell  surface, 
cells  were  suspended  as  described  above  in  staining  buffer,  incubated  with 
FITC-conjugated  mAb  17.1  or  isotype  control  for  30  min,  washed,  fixed, 
and  analyzed  by  FACS.  Blocking  with  rIL-16  was  accomplished  by  pre¬ 
incubating  FITC-conjugated  mAb  17.1  or  isotype  control  with  0.3  fig  of 
rIL-16  for  30  min  at  4®C.  From  this  solution  0.3  fig  of  Ab  was  added  to 
PBMC  suspended  in  permeabilization  buffer  as  described  above.  After 
washing  with  permeabilization  buffer,  the  pellet  was  resuspended  in  buff¬ 
ered  formalin  and  analyzed  by  FACS  as  described  above. 

Protein  gel  electrophoresis  and  Western  blot  analysis 

Cell  preparations  prepared  as  described  above  were  centrifuged  at  250  X 
g,  resuspended  in  2X  SDS  sample  buffer,  boiled  for  5  min,  and  stored  at 
— 20°C.  Analysis  by  SDS-PAGE  was  performed  with  3%  stacking  and 
10%  polyacrylamide  gels  according  to  the  method  of  Laemmli.  Western 
blotting  was  performed  using  standard  protocols.  Detection  of  specifically 
bound  Ab  was  performed  using  a  Super  Signal  detection  kit  (Pierce),  or 
'^'‘^I-labeled  protein  A. 

Stimulation  of  T  cell  subsets  with  immobilized  anti-CD 3 

T-25  tissue  culture  flasks  (Costar)  were  precoated  with  anti-CD3  mAb  at  1 
/xg/ml  for  2  h  at  37°C.  After  washing  with  sterile  PBS,  CD4-^  or  CDS'"  T 
cells  at  2  X  10®/ml  in  medium  199/0.4%  BSA  were  plated  onto  anti-CD3 
or  uncoated  flasks  and  incubated  at  37®C.  After  6  and  24  h,  cells  were 
harvested  and  centrifuged,  and  the  cell  pellets  were  diluted  in  2X  SDS 
sample  buffer. 
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TISSUE  AND  T  CELL  DISTRIBUTION  OF  PRO-IL-I6 


FIGURE  2.  Tissue  expression  of  IL-16  mRNA.  A  multiple  tissue 
Northern  blot  consisting  of  2  /xg  polyCA)"^  RNA/lane  from  human  spleen, 
thymus,  prostate,  testis,  ovary,  small  intestine,  colon,  and  PBL  was  hy¬ 
bridized  was  a  -^^P-labeled  fragment  of  the  human  IL-16  cDNA.  A  single 
band  of  approximately  2.8  kb  is  present  in  the  lanes  of  lymphoid  tissues. 


CD8  CD8  CD4 


FIGURE  4.  Cytoplasmic  expression  of  IL-16  in  unstimulated  PBMC. 
Unstimulated  PBMC  were  stained  for  CD4  or  8  vs  IL-16  or  control  mAb 
and  analyzed  by  FACS  as  described  in  Materials  and  Methods.  A,  Isotype 
control  mAb  vs  CD8  shows  background  signal.  B  and  C,  Anti-IL-16  mAb 
vs  CDS  or  CD4  shows  a  majority  of  CD8^  and  CD4^  T  cells  expressed 
IL-16.  D,  Staining  for  IL-16  vs  CDS  in  the  absence  of  saponin  shows  that 
no  IL-16  is  expressed  on  the  cell  surface  of  CDS"^  or  CD8“  T  cells  within 
the  lymphocyte  gate.  E  and  F,  Preincubation  of  anti-IL-I6  mAb  with 
rIL-16  completely  blocked  the  detection  of  intracellular  IL-16  in  both 
CD4'*'  (F)  and  CDS'^  (F)  T  lymphocytes. 


Results 

IL-16  expression  in  multiple  tissues 

Tissue  expression  of  IL-16  mRNA  was  evaluated  by  Northern  blot 
analysis  of  polyCA)*^  RNA  extracted  from  a  variety  of  human  or¬ 
gans  and  hybridized  with  a  ^^P-iabeled  fragment  of  the  human 
IL-16  cDNA  (Fig.  2).  A  single  band  of  approximately  2.8  kb  was 
observed  in  lanes  containing  RNA  from  spleen,  thymus,  and  pe¬ 
ripheral  blood  leukocytes.  Little  or  no  signal  was  observed  from 
prostate,  testis,  ovary,  small  bowel,  or  colon  after  prolonged  au¬ 
toradiograph  exposure.  In  a  separate  Northern  blot  (not  shown),  a 
strong  band  at  2.8  kb  was  observed  in  poly(A)'^  RNA  from  pan¬ 
creas,  and  very  weak  signals  were  observed  in  placenta,  lung,  liver, 
and  brain.  Thus,  in  the  absence  of  disease,  IL-16  mRNA  expres¬ 
sion  was  mainly  restricted  to  the  lymphoid  compartment. 

To  determine  whether  IL-16  protein  was  detectable  in  peripheral 
lymphoid  tissue,  mAb  14.1  against  IL-16  (see  Fig.  1)  was  used  for 
immunohistochemical  staining  of  two  human  lymph  nodes.  A  rep¬ 
resentative  section  is  presented  in  Figure  3.  In  all  specimens  ex¬ 
amined,  IL-16  staining  was  observed  in  the  majority  of  the  cells  in 
the  mantle  (T  cell  zone);  staining  of  lymphocyte  cytoplasm  and 
lack  of  nuclear  staining  suggested  that  IL-16  was  being  identified 


in  the  cell  cytoplasm.  Conversely,  relatively  few  cells  expressed 
IL-16  within  follicles  (B  cell  zone).  No  signal  was  detectable  in 
sections  stained  with  isotype  control  mAb.  These  data  corrobo¬ 
rated  the  Northern  blot  findings  and  showed  that  IL-16  protein  was 
expressed  in  the  majority  of  lymphocytes  in  the  T  cell  zones  in 
lymph  node. 

Detection  of  IL-16  in  unstimulated  CD4‘^  and  CD8'^  T 
lymphocytes 

Because  CD8'^  T  cells  were  previously  found  to  constitutively 
express  IL-16  bioactivity  (22),  we  first  characterized  the  expres¬ 
sion  of  IL-16  protein  in  CD8'^  T  cells.  To  accomplish  this  we  used 
FITC-conjugated  anti-IL-16  mAb  17.1,  which  recognizes  an 
epitope  on  the  C-terminal  of  the  IL-16  molecule  (see  Fig.  1).  A 
protocol  employing  saponin  treatment  was  used  to  detect  both  sur¬ 
face  and  intracellular  proteins.  Two-color  flow  cytometry  for  CD8 
vs  IL-16  of  unstimulated  PBMC  within  the  lymphocyte  gate 
showed  that  75%  of  CD8'^  cells  expressed  IL-16  protein  (Fig.  4B) 
compared  with  isotype  control  mAb  (Fig.  4A),  with  a  mean  fluo¬ 
rescence  approximately  1  log  greater  than  that  of  cells  stained  with 
control  mAb.  Surprisingly,  when  unstimulated  PBMC  were 
stained  for  CD4  vs  IL-16,  73%  of  the  CD4*^  cells  also  stained  for 


FIGURE  3.  Expression  of  IL-16  protein  in  a  human  lymph  node.  Lymph  node  was  snap-frozen  and  processed  for  IL-16  immunohistochemistry  as 
described  in  Materials  and  Methods.  A,  Low  power  view  of  germinal  centers  rich  in  B  cells  (B)  and  surrounding  mantle  rich  in  T  cells  (T).  F,  High  power 
view  of  the  mantle  zone  showing  cytoplasmic  localization  of  IL-16  protein  to  most  cells  in  the  T  cell  zone  and  not  in  the  B  cell  zone  (germinal  center). 
Brown  diaminobenzidine  staining  localizes  IL-16  protein  to  regions  rich  in  T  cells. 
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IL-16  (Fig.  4Q.  This  finding  was  unexpected  since  CD4'^  T  cells 
have  not  been  shown  to  contain  preformed  bioactive  protein.  Sim¬ 
ilar  percentages  of  CDS'**  (86  ±  8.98%)  and  CD4‘*'  (83  ±  8.18%) 
T  cells  stained  for  IL-16  in  subsequent  experiments  using  PBMC 
from  different  donors. 

To  confirm  that  mAb  17.1  was  detecting  intracellular  protein 
and  not  binding  to  the  cell  surface,  unstimulated  PBMC  were 
stained  with  FITC-conjugated  mAb  17.1  in  standard  staining 
buffer  in  the  absence  of  saponin.  There  was  no  detectable  IL-16  on 
the  surface  of  CD8^  or  CD8“  lymphocytes,  confirming  that  mAb 
17.1  was  detecting  intracellular  IL-16  (Fig.  4D).  The  specificity  of 
this  signal  for  IL-16  was  confirmed  by  preincubating  FITC-con¬ 
jugated  mAb  17.1  with  rIL-16,  which  completely  blocked  the  de¬ 
tection  of  intracellular  IL-16  in  both  CD4'^  and  CD8“^  lympho¬ 
cytes  (Fig,  4,  E  and  F)  These  data  indicated  that  the  majority  of 
resting  unstimulated  CD4'^  and  CD8‘^  T  cells  express  IL-16  and 
that  the  antigenic  portion  of  IL-16  resides  in  the  intracellular 
compartment. 

Identification  ofpro-IL-16  in  unstimulated  PBMC 

To  confirm  the  flow  cytometry  results,  duplicate  Western  blots  of 
rIL-16  and  PBMC  lysates  were  probed  with  the  three  anti-IL-16 
Abs  (Ab  16,  and  mAbs  14.1  and  17.1;  see  Fig.  1)  and  control  Abs 
(Fig.  5A).  Western  blotting  with  secondary  alone  or  control  Ab 
detected  no  protein  (not  shown);  however,  probing  with  mAbs 
17.1,  14.1,  and  Ab  16  recognized  both  17-kDa  rIL-16  and  a  prom¬ 
inent  pro-IL-16  band  at  about  80  kDa.  A  third  weak  band  migrat¬ 
ing  at  about  60  kDa  was  detected  when  more  protein  was  run  per 
lane  or  with  longer  film  exposure  (not  shown).  The  abundance  of 
pro-IL-16  was  evident,  since  the  approximately  80-kDa  band  was 
prominent  in  lysate  prepared  from  as  few  as  2.5  X  10^  PBMC. 

To  verify  that  the  approximately  80-kDa  band  recognized  by 
Abs  raised  to  rIL-16  was  pro-IL-16,  Ab  86  against  pro-IL-16  (see 
Fig.  1)  was  used  to  probe  a  Western  blot  of  rIL-16,  PBMC  lysate, 
and  in  vitro  translated  pro-IL-16  (Fig.  5A,  blot  4).  This  Ab  iden¬ 
tified  the  approximately  80-kDa  band  in  unstimulated  PBMC  with 
approximately  equal  intensity  to  that  seen  with  Abs  against  IL-16, 
but  did  not  recognize  rIL-16. 

To  substantiate  that  the  approximately  80-kDa  band  detected  by 
mAb  17.1  was  pro-IL-16,  we  probed  a  Western  blot  of  rIL-16, 
unstimulated  PBMC  and  in  vitro  translated  pro-IL-16  with  mAb 
17.1  and  identified  comigrating  bands  in  both  the  PBMC  and  in 
vitro  translated  pro-IL-16  lanes  (Fig.  5E).  These  data  validated  that 
mAbs  against  rIL-16  recognize  native  pro-IL-16  and  show  that 
pro-IL-16  is  abundant  in  CD4'‘’  and  CD8^  T  cells,  and  that  the 
majority  of  IL-16  protein  identified  by  flow  cytometry  is  in  the 
form  of  pro-IL-16. 

In  contrast  to  the  abundant  presence  of  pro-IL-16,  IL-16  was  not 
abundant  in  unstimulated  PBMC  and  was  only  intermittently  de¬ 
tectable  on  immunoblots  of  cell  lysates.  Figure  5C  is  a  represen¬ 
tative  Western  blot  using  Ab  16  as  a  primary  Ab  and  [‘^^I]protein 
A  for  detection  of  PBMC  before  and  after  magnetic  bead  depletion 
of  CD4“^  T  cells.  In  this  donor,  pro-IL-16  and  thle  mature  form  of 
IL-16  were  detectable  in  NWNT  before  depletion  {lane  d)  and  in 
purified  CD8'^  T  cells  after  magnetic  bead  depletion  {lane  e).  The 
121-amino  acid  bioactive  form  of  IL-16  has  not  been  detectable  by 
Western  blot  in  purified  CD4'^  T  cells  (not  shown). 

Processing  ofpro-IL-16  in  CD4'^  and  CDS'*'  T  cells  after 
anti-CD3  stimulation 

The  data  presented  show  that  pro-IL-16  is  abundant  and  constitu- 
tively  expressed  in  CD4'^  and  CD8"^  T  cells.  We  hypothesized  that 
upon  stimulation  with  immobilized  anti-CD3,  pro-IL-16  would  be 
processed  releasing  IL-16.  Purified  CD4‘"  or  CD8'*'  T  cells  were 
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FIGURE  5.  .  SDS-PAGE  and  Western  blot  analysis  for  IL-16.  Western 
blots  of  5.0  X  10^  unstimulated  PBMC  {lanes  a)  and  10  ng  of  rIL-16  {lanes 
b)  and  in  vitro  translated  pro-IL-16  {B,  lane  c)  were  probed  with  Abs 
against  IL-16  (mAbs  17.1  and  14.1  and  Ab  16,  blots  1,  2,  and  3,  respec¬ 
tively)  and  pro-IL-16  (Ab  86,  blot  4).  A,  All  three  Abs  against  IL-16  rec¬ 
ognized  rIL-16  as  well  as  a  prominent  band  at  about  80  kDa  in  PBMC 
lysates,  whereas  Ab  86  against  pro-IL-16  recognized  the  approximately 
80-kDa  band,  but  not  rIL-16.  B,  mAb  17.1  identified  comigrating  approx¬ 
imately  80-kDa  native  pro-IL-16  and  in  vitro  translated  pro-IL-16.  C,  Ly¬ 
sate  of  1.25  X  10®  NWNT  before  {lane  d)  and  after  {lane  e)  depletion  of 
CD4  cells,  showing  in  this  blood  donor  a  weakly  detectable,  17-kDa  IL-16 
and  prominent,  approximately  80-kDa  pro-IL-16  bands. 


incubated  with  plate-bound  anti-CD3  and  harvested  after  6  and 
24  h  (Fig.  6).  Western  blotting  of  harvested  cell  lysates  revealed  a 
prominent  pro-IL-16  band  at  about  80  kDa  of  equal  intensity  in 
unstimulated  CD4'^  and  CD8***  T  cell  lysates  {lanes  a  and  b,  re¬ 
spectively).  After  6  h  the  pro-IL-16  band  was  preserved,  and  sev¬ 
eral  lower  m.w.  bands  appeared  in  both  CD4'^  {lane  c)  and  CD8‘^ 
{lane  d)  T  cells,  which  at  24  h  were  less  prominent  {lane  e,  CD4'^ 
at  24  h;  lane  f  CD8^  at  24  h).  These  data  suggested  that  pro-IL-16 
may  be  processed  upon  cell  stimulation.  The  hypothesis  that  ma¬ 
ture  IL-16  is  released  by  processing  of  pro-IL-16  is  further  sup¬ 
ported  by  the  observation  that  native  secreted  IL-16  is  weakly,  if 
at  all,  detectable  in  low  amounts  on  Western  blots  of  cell  lysates 
with  the  Abs  used  in  these  experiments  (for  example.  Fig.  5C). 
Although  we  did  find  IL-16  chemoattractant  bioactivity  in  culture 
supernatants  that  was  specifically  inhibited  by  anti-IL-16  Abs, 
there  was  insufficient  IL-16  protein  in  the  supernatants  to  detect  an 
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FIGURE  6.  Stimulation  of  T  cell  subsets  results  in  the  processing  of 
pro-IL-16.  Purified  CD4''  or  008"^  T  cells  (1.25  X  10^)  were  incubated  in 
the  presence  of  anti-CD3  as  described  in  Materials  and  Methods,  har¬ 
vested,  and  analyzed  by  Western  blot  using  Ab  14.1.  At  time  zero  {lanes 
a  and  b),  a  prominent,  approximately  80-kDa  band  was  visible  in  both 
CD4'‘'  and  CDS'*’  T  cells  {lanes  a  and  b,  respectively).  After  6  h  {lanes  c 
and  or  24  h  {lanes  e  and  f)  of  stimulation,  the  approximately  80-kDa 
band  was  still  present,  and  multiple  lower  molecular  mass  bands  were 
detectable  in  both  004"^  and  T  cells. 


approximately  17-kDa  band  consistent  with  IL-16  in  these  exper¬ 
iments  (not  shown). 

Discussion 

IL-16  is  a  novel  cytokine  bearing  no  homology  to  other  proteins 
possessing  lymphocyte  chemoattractant  activity  (27).  Specifically, 
EL- 16  contains  a  single  cysteine  at  position  22,  the  IL-16  gene  is 
not  located  on  the  chemokine  cluster,  and  it  lacks  a  signal  peptide 
typical  of  proteins  secreted  via  the  Golgi  apparatus.  The  recent 
identification  of  pro-IL-16,  however,  suggests  that  IL-16  has  sim¬ 
ilarities  without  structural  homology  to  IL-1,  being  proteolytically 
cleaved  by  an  IL-converting  enzyme-like  protein  upon  cell  acti¬ 
vation  (20,  28).  The  current  investigations  show  that  pro-IL-16  is 
constituitively  distributed  in  abundance  in  circulating  human  T 
cells,  spleen,  and  thymus,  and  suggest  that  pro-IL-16  is  proteolyti- 
cally  processed  at  several  sites  upon  cell  activation. 

The  initial  experiments  identifying  IL-16  mRNA  primarily  in 
lymphoid  organs  (Fig.  1)  suggest  that  under  normal  conditions 
IL-16  may  participate  in  immune  system  homeostasis  in  nondis- 
eased  states.  This  hypothesis  is  further  supported  by  the  finding  of 
widespread  expression  of  IL-16  protein  in  the  T  cell  zone  in  human 
lymphoid  tissue  (Fig.  2).  It  is  also  likely  that  IL-16  has  alternative 
functions  in  pathologic  states  (29),  where  IL-16  expression  is  not 
restricted  to  lymphoid  cells.  For  example,  in  asthmatic  lung,  in 
which  there  is  CD4'^  T  cell  accumulation,  the  bronchial  epithelium 
can  be  an  alternate  source  of  IL-16  (14). 

The  experiments  aimed  at  the  FACS  detection  of  IL-i6  in  un- 
stimulated  PBMC  were  based  on  previous  data  showing  IL-16  bio¬ 
activity  in  unstimulated  008"^  T  cell  lysates  (22).  We  hypothe¬ 
sized  that  flow  cytometry  would  detect  IL-16  in  a  subset  of 
unstimulated  CDS'^  T  cells,  but  found  that  nearly  all  unstimulated 
CDS'^  T  cells  stained  for  IL-i6  (Fig.  4).  Further,  we  detected  IL-16 
in  nearly  all  unstimulated  CD4^  T  cells.  This  was  unexpected,  as 
CD4'^  T  cell  lysates  have  not  been  shown  to  contain  IL-16  che¬ 
moattractant  activity,  and  required  that  we  confirm  that  the  abun¬ 
dant  protein  in  CD4'^  and  CDS'^  T  cells  detected  by  flow  cytom¬ 
etry  signal  was  IL-16.  Western  blotting  with  three  Ab  against 
secreted  IL-16  peptide  and  one  Ab  against  pro-IL-16  showed  that 
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the  abundant  protein  identified  by  flow  cytometry  was  the  approx¬ 
imately  80-kDa  pro-IL-16  (Fig.  5,  A  and  B). 

Taken  together  with  the  fact  that  CD4‘*'  T  cells  express  IL-16 
mRNA  (22)  and  that  IL-16  chemoattractant  activity  is  detectable  in 
supernatants  of  CD4'^  T  cell  cultures  after  6  h  of  stimulation  with 
immobilized  anti-CD3  (D,  Wu,  manuscript  in  preparation),  these 
data  suggest  that  the  processing  of  pro-IL-16  leading  to  the  secre¬ 
tion  of  mature  IL-16  diff'ers  between  CDS"^  and  CD4‘^  T  cells. 
While  both  cell  types  constitutively  express  pro-IL-16,  however, 
CDS"^  T  cells  also  constitutively  express  a  significant  pool  of  ma¬ 
ture  IL-16  peptide,  while  CD4'^  T  cells  constitutively  express  little 
or  no  mature  IL-16,  requiring  cell  activation  to  secrete  mature 
IL-16. 

Western  blotting  also  suggested  that  upon  stimulation  with  Ag, 
pro-IL-16  is  cleaved  at  alternative  sites  (Fig.  6).  Since  the  Ab  used 
for  Western  blotting  in  this  experiment  detects  the  carboxyl  ter¬ 
minus  of  IL-16,  these  data  suggest  that  the  amino  terminus  of 
pro-IL-16  is  processed.  Recently,  caspase-3,  an  IL-lj3-converting 
enzyme  family  member,  has  been  shown  in  vitro  to  cleave  a  50- 
kDa  pro-IL-16  peptide  releasing  an  approximately  20-kDa  frag¬ 
ment  possessing  IL-16  bioactivity  (30).  Our  studies  suggest  that 
other  IL-16  cleavage  sites  are  also  likely  to  exist  (Fig.  5C).  The 
physiologic  relevance  of  these  cleavage  fragments  to  IL-16  func¬ 
tion  or  degradation  is  not  yet  known.  We  have  also  noted  that  when 
protein  is  extracted  from  resting  T  cells  with  nonionic  detergent 
rather  than  SDS,  similar  bands  are  detectable.  Although  it  is  pos¬ 
sible  that  pro-IL-16  is  susceptible  to  degradation  by  nonionic  de¬ 
tergent,  a  more  plausible  explanation  is  that  during  nonionic  de¬ 
tergent  solubilization,  pro-IL-16  processing  enzymes  resistant  to 
standard  protease  inhibitors  (but  inactivated  by  SDS)  may  be  able 
to  cleave  pro-IL-16.  This  explanation  is  further  supported  by  the 
finding  that  similar  bands  were  detected  by  Western  blot  analysis 
of  anti-CD3-stimulated  T  cell  lysates  extracted  in  SDS  sample 
bulSfer  (Fig.  6)  and  may  explain  why  we  detect  a  predominant  ap¬ 
proximately  80-kDa  band  in  unstimulated  PBMC  rather  than  pro¬ 
cessed  fragments  identified  by  others  (20). 

To  determine  the  effect  of  cell  activation  on  pro-IL-16  expres¬ 
sion,  we  stimulated  T  cells  with  immobilized  anti-CD3.  Since  pre¬ 
vious  studies  showed  that  release  of  bioactive  IL-16  from  seroto¬ 
nin-stimulated  CDS"^  T  cells  does  not  require  new  protein 
synthesis  (23),  we  hypothesized  that  TCR  ligation  would  result  in 
the  processing  of  pro-IL-16  and  the  release  of  mature  IL-16.  We 
were  unable  to  detect  mature  IL-16  in  stimulated  cell  lysates,  but 
found  that  the  amino  terminus  of  pro-IL-16  was  cleaved  upon  cell 
activation  (Fig.  6).  The  significance  of  these  activation-induced 
cleavage  products  is  unknown.  Pro-IL-16  also  remained  abundant 
following  cell  stimulation,  suggesting  that  only  a  small  proportion 
of  pro-IL-16  is  processed  at  the  carboxyl  terminus  to  release  ma¬ 
ture  IL-16  and,  since  native  mature  IL-16  is  weakly,  if  at  all,  de¬ 
tectable  in  low  amounts  on  Western  blots  with  the  Abs  used  in 
these  experiments  (Fig.  5C),  that  the  preformed  pool  of  pro-IL-16 
is  large  compared  with  the  amount  of  processed  secreted  IL-16. 

It  is  unlikely  that  pro-IL-16  has  bioactivity  ascribed  to  IL-16, 
such  as  chemoattractant  activity  or  inhibition  of  HIV  replication. 
Pro-IL-16  is  abundant  in  peripheral  blood  CD4'^  T  cells,  yet  there 
is  a  lack  of  chemoattractant  activity  in  unstimulated  CD4'^  T  cell 
lysates  (22),  and  peripheral  blood  CD4'^  T  cells  support  HIV 
replication. 

This  study  shows  that  pro-IL-16  is  a  substantial  component  of 
the  majority  of  unstimulated  blood  T  cells.  The  pathway  of  IL-16 
synthesis  and  secretion  remains  largely  obscure  and  continues  to 
be  actively  investigated.  It  is  not  known  whether  mature  IL-16  can 
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be  secreted  by  a  subset  of  lymphocytes  capable  of  cleaving  pro- 
1L-I6  or  if  all  pro-IL- 1 6-expressing  cells  have  the  capacity  to  se¬ 
crete  mature  IL-16.  It  is  also  unknown  whether  the  amino  terminal 
processed  products  of  cell  activation  represent  intermediate  forms 
of  IL-16  before  the  release  of  mature  IL-16,  or  if  these  proteins 
represent  processing  products  with  alternative  intra-  or  extracellu¬ 
lar  functions.  Further  investigations  will  be  required  to  detect  other 
functional  roles  for  this  protein. 
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Expression  of  the  cytokine  osteopontin  (OPN)  is  elevated  in  granulomas  caused  by  Mycobacterium  tubercu¬ 
losis,  We  tested  the  hypothesis  that  OPN  contributes  to  host  protection  in  a  mouse  model  of  mycobacterial 
infection.  When  infected  with  Mycobacterium  bovis  BCG,  mice  lacking  a  functional  OPN  gene  had  more  severe 
infections  characterized  by  heavier  bacterial  loads  and  a  delayed  clearance  of  the  bacteria.  The  OPN-null  mice 
had  greater  granuloma  burdens  consistent  with  the  elevated  bacterial  load.  The  ability  of  osteopontin  to 
facilitate  the  clearance  of  mycobacteria  was  most  pronounced  early  after  infection  and  appeared  to  be 
independent  of  known  mediators  of  resistance  to  infection  by  mycobacteria:  antigen-specific  T-cell  immunity, 
gamma  interferon  production,  and  nitric  oxide  production.  BCG  grew  more  rapidly  in  macrophages  derived 
from  OPN-null  mice  than  in  those  from  wild-type  mice,  demonstrating  that  the  null  phenotype  was  due  to  an 
intrinsic  macrophage  defect.  These  results  indicate  that  osteopontin  augments  the  host  response  against  a 
mycobacterial  infection  and  that  it  acts  independently  from  other  antimycobacterial  resistance  mechanisms. 


Tuberculosis  is  a  pandemic  infection  that  involves  much  of 
the  world’s  population  and  is  caused  by  Mycobacterium  tuber¬ 
culosis,  The  World  Health  Organization  has  raised  concern 
over  the  epidemic  potential  of  this  organism  because  of  in¬ 
creasing  antimicrobial  resistance  (36).  Recently,  an  isolate  of 
M,  tuberculosis  with  an  extraordinary  growth  rate  and  with 
increased  rates  of  transmission  was  isolated  (46).  These  find¬ 
ings  have  generated  interest  in  understanding  the  unique  in¬ 
teractions  of  host  cells  and  mycobacteria:  M.  tuberculosis  can 
elude  host  immune  responses  and  persist  in  a  latent  state  for 
years.  The  granuloma  is  a  feature  of  this  host-pathogen  inter¬ 
action.  Granulomas  are  characterized  by  a  mononuclear  cell 
infiltration  of  macrophages  and  lymphoc^es,  by  the  formation 
of  giant  cells  and  epithelioid  cells,  and  by  fibrosis,  sometimes 
with  calcification  (2,  12).  The  public  health  concerns  and  the 
unusual  pathology  of  tuberculosis  led  us  to  question  what  is 
normally  involved  in  the  host  macrophage  response  after  in¬ 
fection  by  mycobacteria. 

We  have  undertaken  a  study  of  macrophage  gene  expression 
changes  after  infection  by  mycobacteria.  By  differential  screen¬ 
ing  of  a  cDNA  library  and  probes  derived  from  a  murine 
macrophage  cell  line,  one  gene  isolate,  osteopontin  (OPN), 
was  identified  repeatedly  in  cells  infected  by  mycobacteria 
compared  with  cells  infected  hy  Escherichia  coli  (35).  We  found 
that  osteopontin  gene  expression  in  human  pulmonary  macro¬ 
phages  increased  after  infection  with  virulent  M.  tuberculosis 
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and  that  OPN  protein  expression  was  widespread  in  human 
tuberculosis  pathology  (35). 

OPN  is  a  secreted,  phosphorylated,  glycoprotein  that  is  as¬ 
sociated  with  several  host  inflammatory  states.  The  gene  en¬ 
coding  OPN,  known  as  sppl,  cosegregates  vrith  resistance  to 
lethal  infection  by  Orientia  {Rickettsia)  tsutsugamushi  in  mice 
(16,  23).  The  protein  stimulates  the  migration  of  macrophages 
(22,  34,  42)  and  of  smooth  muscle  cells  (29, 51).  OPN  is  found 
in  the  inflammatory  macrophages  of  rat  myocardium  after 
ciyoinjuiy  (33),  in  arterial  atherosclerosis  (21,  24),  and  in  sev¬ 
eral  granulomatous  conditions  (3, 35).  OPN  has  been  labeled  a 
cytoldne  based  on  its  proinflammatory  properties  (38,  45)  and 
is  a  likely  candidate  for  mediating  or  modulating  mononuclear 
cell  infiltration  and  chronic  inflammation. 

We  and  others  have  identified  genes  whose  expression 
changes  in  mammalian  cells  after  infection  (35,  52).  These 
findings  merit  further  studies  to  determine  the  roles  of  these 
genes  in  infection.  The  work  detailed  here  describes  the  use  of 
OPN  knockout  mice  (28)  to  investigate  whether  OPN  influ¬ 
ences  the  host  response  against  infection  by  mycobacteria. 
Animals  lacking  OPN  had  more  severe  infections  and  were 
delayed  in  eliminating  the  mycobacteria  after  infection.  The 
findings  identify  a  novel  role  for  OPN  as  an  accessory  molecule 
to  activate  macrophages  and  to  augment  the  clearance  of  in¬ 
flammatory  stimuli. 

MATERIALS  AND  METHODS 

Animals.  OPN  mutant  mice  {sppV”^^)  and  wild-type  controls  5  to  8  weeks  old 
and  matched  for  age  and  sex  were  used  for  experiments.  The  generation  of  the 
OPN  mutant  mice  has  been  described  elsewhere  (28),  The  experiments  described 
herein  were  done  with  wild-type  and  mutant  animals  on  a  (129  x  Black  Swiss) 
hybrid  background  as  was  used  previously  (28).  Genotyping  was  confirmed  on  all 
breeding  pairs  with  a  PCR  analysis.  All  animal  procedures  were  performed 
according  to  the  guidelines  of  the  Massachusetts  Institute  of  Technology  Com¬ 
mittee  on  Animal  Care. 

Infections.  Mycobacterium  bovis  bacillus  Calmette-Gu6rin  (BCG)  (ATCC 
35734;  Trudeau  mycobacterial  culture  collection  no.  1011,  “BCG  Pasteur”)  was 
grown  from  a  frozen  stock  for  6  to  7  days  (to  an  optical  density  at  600  nm  of 
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-'1.4)  in  Middlebrook  7H9  broth  with  0.5%  glycerol,  0.05%  Tween  80,  and  ADC 
enrichment  (Difco,  Detroit,  Mich.).  On  the  day  of  infection,  bacteria  were 
resuspended  in  phosphate-buffered  saline  (PBS),  and  an  inoculum  of  approxi¬ 
mately  lO'^  CFU  was  delivered  intraperitoneally.  This  route  of  inoculation  was 
fleeted  because  of  previous  studies  of  OPN  and  infection  (23,  37)  and  because 
intraperitoneal  infections  can  successfully  generate  systemic  mycobacterial  in¬ 
fections  (32).  At  various  times  after  infection,  organs  were  harvested  for  analysis. 
For  CFU  analysis,  liver  sections  were  weighed  and  disrupted  in  PBS  with  an 
electric  homogenizer  (Polj^ron  PT  1200B;  Kinimatica).  Serial  dilutions  were 
made  in  7H9  medium,  and  aliquots  were  spread  on  7H10  plates.  CFU  were 
enumerated  3  to  4  weeks  later. 

Immunohistochemistry.  Organs  were  harvested  for  histologic  analysis  at  the 
times  indicated  after  infection.  Tissues  were  fixed  in  buffered  formalin  and 
processed  by  standard  histologic  techniques.  For  immunohistochemistiy,  paraf¬ 
fin-embedded  tissue  sections  were  deparaffinized  in  HistoClear  (National  Diag¬ 
nostics,  Atlanta,  Ga.),  rehydrated  in  graded  ethanol  washes,  and  washed  in  PBS. 
The  F4/80  antibody  (Harlan  Bioproducts,  Indianapolis,  Ind.)  was  used  according 
to  the  manufacturer’s  recommendations.  Rabbit  antiserum  against  holo-NOS2 
(49)  was  a  gift  from  Qiao-wen  Xie  and  Carl  Nathan  and  was  used  as  described 
previously  (30),  except  that  a  1:750  dilution  was  incubated  with  specimens  at 
room  temperature  for  2  h.  Biotinylated  secondary  antibodies,  avidin-biotin- 
horseradish  peroxidase  conjugates,  and  substrates  (Vector  Labs,  Burlingame, 
Calif.)  were  used  according  to  the  manufacturer’s  directions.  Slides  were  coun- 
terstained  with  hematoxyUn  (Dako,  Carpinteria,  Calif.).  After  the  completion  of 
staining,  specimens  were  dehydrated  in  graded  ethanol  and  ClearRite  3  (Rich- 
ard-Allan  Scientific,  Kalamazoo,  Mich.)  before  being  mounted  with  Permount 
(Fisher,  Fair  Lawn,  N.J.). 

Quantitation  of  granuloma  burden.  The  percent  granuloma  burden,  the  total 
percentage  of  liver  surface  area  covered  by  granulomas,  was  measured  by  mac¬ 
rophage  immunostaining  and  a  Bioquant  image  analysis  system  (Nashville, 
Tenn.)  (26,  27).  The  Bioquant  system  is  an  operator-interactive  image  analysis 
device  linked  to  stage  x-y  encoders,  utilizing  a  Dage  MTI  CCD72  video  camera 
system  with  a  Leitz  Aristoplan  microscope.  A  systematically  random  sampling 
scheme  was  used  to  select  fields  for  measurement  of  granuloma  burden:  a  grid 
was  overlaid  over  the  liver  section,  and  from  a  random  start  point,  eveiy  eighth 
500-p.m  by  500-|xm  field  was  captured  by  video  under  a  X16  objective  with  the 
fluorescein  cube.  The  counting  chamber  consisted  of  a  500-|xm  by  500-p.m 
sampling  box  with  extended  exclusion  lines.  For  each  field,  a  threshold  optical 
density  was  obtained,  which  discriminated  staining  from  background.  Manual 
editing  of  each  field  eliminated  artifacts,  as  well  as  excluding  granulomas  touch¬ 
ing  the  lower  and  left  borders  of  the  counting  chamber,  while  including  granu¬ 
lomas  touching  ^e  upper  and  right  borders.  Granulomas  were  defined  as  areas 
of  immunoreactivity  greater  than  150  p.m^  or  greater  than  approximately  two  to 
three  macrophages.  The  total  number  of  granulomas,  the  area  of  each  granu¬ 
loma,  and  the  sum  of  the  areas  of  the  granulomas  divided  by  the  total  area 
sampled  (granuloma  burden)  were  determined  over  four  to  five  liver  sections  for 
each  animal.  Some  background  counts  could  be  attributed  to  the  confluence  of 
Kupffer  cells  that  registered  above  the  threshold  filter.  Statistical  analysis  was  by 
t  test  comparing  homozygous  sppl^^  and  wild-type  mice.  The  appropriateness  of 
the  sampling  scheme  was  evaluated  by  calculating  the  precision  of  the  estimates, 
expressed  ^  the  coefficient  of  error  (CE)  (48).  The  CE  was  <0,10,  suggesting 
that  a  minimal  amount  of  variance  in  the  granuloma  burden  measurement  was 
from  the  sampling  technique  and  that  measured  differences  reflected  true  bio¬ 
logical  variability.  All  measurements  were  performed  by  a  single  examiner  (G.N.) 
blinded  to  treatment  group. 

In  vitro  cell  stimulation.  Spleens  were  harvested  at  the  times  indicated  after 
infection  and  were  crushed  through  nylon  mesh  to  obtain  single-cell  suspensions. 
Cells  were  washed  and  resuspended  to  4  X  10^  cells/ml,  and  1  ml  was  plated  per 
well  of  a  Falcon  24-well  plate  (Becton  Dickinson,  Lincoln  Park,  N.J.)  with 
various  antigens  or  concanavalin  A  (ConA).  The  purified  protein  derivative 
(PPD)  from  M.  tuberculosis  was  generously  donated  by  Lederle  Laboratories 
(Pearl  River,  N.Y.).  Supernatants  were  harvested  72  h  later.  The  gamma  inter¬ 
feron  (IFN-y)  MiniKit  from  Endogen  (Woburn,  Mass.)  was  used  to  assay  the 
culture  supernatants. 

NO  measurement.  Peritoneal  exudate  cells  (PEC)  were  isolated  5  to  7  days 
after  intraperitoneal  inoculation  of  1  ml  of  3%  thioglycolate.  In  some  instances, 
macrophages  were  purified  by  adherence  and  recovered  by  dispase  treatment 
and  scraping  (7).  The  production  of  nitric  oxide  (NO)  by  the  PEC  was  assessed 
by  measuring  the  accumulation  of  nitrite  in  culture  supernatants.  Griess  reagents 
were  used  as  described  previously  (25). 

In  vitro  assay  of  BCG  growth.  The  measurement  of  BCG  growth  in  macro¬ 
phages  was  performed  by  using  a  pHjuracil  assay  that  has  been  widely  used  to 
measure  the  growth  of  mycobacteria  (5, 17, 18, 40);  uptake  closely  correlates  with 
CFU  (17).  Thioglycolate-derived  PEC  (2  X  10^)  and  BCG  (multiplicity  of  in¬ 
fection,  5  to  10  bacteria  per  1  macrophage)  were  cocultured  with  RPMI  (Life 
Technologies,  Gaithersburg,  Md.)  with  1%  heat-inactivated  fetal  calf  serum  in 
U-bottom  plates  (ICN  Biomedicals,  Inc.,  Aurora,  Ohio).  After  4  h  of  coincuba¬ 
tion,  the  wells  were  washed  with  warm  Hank’s  balanced  salt  solution  (Life 
Technologies)  to  remove  extracellular  BCG  and  nonadherent  cells  and  RPMI 
medium-1%  fetal  calf  serum  was  added.  At  various  times  after  the  infection, 
pHjuracil  was  added  to  the  wells,  and  after  18  h,  the  contents  of  the  wells  were 


harvested  with  a  cell  harvester  (Skatron,  Inc.,  Sterling,  Md.)  by  using  Triton 
X-100  for  macrophage  lysis  and  trichloroacetic  acid. 

RESULTS 

Reduced  clearance  of  M.  bovis  BCG  in  OPN-deficient  mice. 
Wild-type  and  OPN-null  mice  were  infected  with  BCG,  and 
the  bacterial  load  in  liver  sections  was  assessed  over  12  weeks 
by  using  standard  tissue  staining  for  acid-fast  bacilli.  Four 
independent  experiments  were  performed,  and  representative 
results  are  shown  in  Fig.  1.  When  sections  of  liver  and  spleen 
obtained  4  weeks  after  infection  from  wild-type  mice  were 
stained  for  acid-fast  organisms,  few  bacilli  were  detected  (Fig. 
1 A  and  C).  In  contrast,  the  mycobacteria  were  easily  identified 
in  the  livers  and  spleens  of  OPN-null  animals  (Fig.  IB  and  D). 
Similar  results  were  seen  in  lung  sections  (data  not  shown). 

The  burden  of  mycobacteria  in  infected  tissue  was  measured 
by  serial  dilutions  of  homogenized  liver  samples  from  the  wild- 
type  and  OPN-null  mice  (Fig.  IE).  Similar  numbers  of  bacilli 
were  found  in  wild-type  and  mice  immediately  after 

infection.  However,  there  was  a  significant  difference  in  the 
mycobacterial  burden  4  weeks  after  infection.  In  three  inde¬ 
pendent  experiments,  OPN-null  mice  had  10-  to  40-fold  more 
bacteria  per  gram  of  liver  tissue  than  wild-type  mice.  The 
gppltmi  were,  however,  capable  of  reducing  the  myco¬ 

bacterial  burden  by  12  weeks.  These  results  show  that  the 
OPN-null  mice  have  impaired  clearance  of  BCG  early  after 
infection  compared  to  that  in  wild-type  mice. 

Increase  in  granuloma  number  and  size  in  OPN  mutants. 
Several  biological  activities  have  been  attributed  to  OPN  that 
suggested  it  would  be  involved  in  granuloma  formation:  OPN 
is  known  to  activate  macrophage  migration  in  vitro  and  in  vivo 
(22,  34,  42),  and  it  can  bind  calcium  (6).  However,  histologic 
analyses  of  tissues  after  infection  showed  that  granulomas  were 
present  in  OPN-null  animals;  immunohistochemical  analyses 
showed  that  these  granulomas  were  comprised  of  both  macro¬ 
phages  and  T  cells  similar  to  those  of  the  wild  type  (data  not 
shown).  The  macrophage  staining  did  indicate  a  difference  in 
the  total  amount  of  hepatic  tissue  involved  with  granulomas. 
This  difference  was  quantitated  by  measuring  the  granuloma 
burden.  Liver  sections  stained  for  macrophages  with  the  F4/80 
monoclonal  antibody  and  the  Vector  red  alkaline  phosphate 
substrate  were  subjected  to  a  stereologic  evaluation  to  measure 
the  granuloma  burden.  The  fluorescent  emissions  from  the 
Vector  red  substrate  clearly  demonstrated  that  the  OPN-null 
mice  had  more  macrophages  within  the  liver  and  overall  a 
greater  burden  of  granulomas  (Fig.  2A).  The  granuloma  bur¬ 
dens  of  liver  specimens  from  20  animals  were  systematically 
measured  as  described  in  Materials  and  Methods.  The  wild- 
type  animals  had  an  estimated  1.1%  of  the  liver  tissue  area 
involved  with  granulomas  (Fig.  2B).  In  contrast,  the  OPN-null 
mice  had  3.1%  of  the  liver  tissue  area  involved  with  granulo¬ 
mas.  Statistically  significant  differences  were  also  observed 
when  the  sections  were  analyzed  for  the  number  of  granulomas 
and  the  average  granuloma  size  (Fig.  2B).  The  inability  of 
OPN-null  mice  to  clear  BCG  was  reflected  in  more  extensive 
granulomatous  inflammation. 

Macrophage  recruitment  in  OPN-null  mice.  OPN  induces 
inflammatory  infiltrates  when  administered  in  vivo  (42),  and  it 
is  expressed  rapidly  after  intraperitoneal  administration  of  in¬ 
flammatory  stimuli  (37).  Because  we  used  an  intraperitoneal 
route  of  infection,  it  was  possible  that  the  elevated  bacterial 
counts  in  sppP”^^  mice  were  a  result  of  an  early  defect  in 
inflammatory  cell  accumulation  after  inoculation.  To  test  this 
possibility,  we  quantitated  the  acute  inflammatory  response 
after  infection.  Seventy-two  hours  is  sufficient  time  to  allow 
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peak  OPN  gene  expression  after  instillation  of  a  peritoneal 
irritant  (37).  At  this  time  after  BCG  inoculation,  OPN-null 
mice  unexpectedly  had  more  cellular  exudates  than  wild-type 
mice  (Fig.  3A).  To  assess  the  specificity  of  this  response,  in- 
traperitoneal  injection  of  thioglycolate  was  used  to  elicit  in¬ 
flammatory  cells.  In  repeated  experiments,  the  PEC  from 
sppV^^  mice  outnumbered  those  from  wild-type  mice  (Fig. 
3B).  Cytospin  and  fluorescence-activated  cell  sorter  analyses  of 


FIG.  1.  Mycobacterial  organism  burden  in  tissues  of  OPN-null  mice  after 
intraperitoneal  infection  with  BCG.  (A  to  D)  Ziehl-Nielson  stains  of  liver  (A  and 
B)  and  spleen  (C  and  D)  from  wild-b^e  (A  and  C)  and  sppl^^  (B  and  D) 
animals.  The  mycobacteria  stain  red.  Similar  findings  were  observed  in  15  ani¬ 
mals  per  genotype  from  four  different  experiments.  Original  magnification, 
X500.  (E)  CFU  determination  from  liver  samples  of  animals  infected  intraperi- 
toneally  at  time  0  weeks.  Symbols  represent  means  ±  standard  errors  for  three 
to  four  animals  per  group.  A 10-  to  40-fold  difference  in  CFU  between  wild-type 
and  sppV^^  animals  at  4  weeks  was  observed  in  three  different  experiments.  P  < 
0.05  at  4  weeks  postinfection.  A  similar  10-fold  difference  in  CFU  was  also 
observed  in  these  animals’  spleens  at  the  12-week  time  point. 


the  inflammatory  exudates  demonstrated  there  was  an  abun¬ 
dance  of  macrophages  in  PEC  from  both  genotypes  (data  not 
shown).  These  results  indicate  that  sppl^^  mice  did  not  have 
a  defect  in  macrophage  recruitment;  in  fact,  these  animals  had 
a  exaggerated  inflammatory  responses  to  peritoneal  irritants. 

IFN-y  production  and  NO  metabolism  are  normal  in  OPN- 
null  mice.  The  production  of  IFN-y  (9,  19)  and  reactive  nitro¬ 
gen  intermediates  (RNI)  (4,  5, 13,  30)  is  crucial  to  the  success¬ 
ful  eradication  of  M,  tuberculosis  infections.  It  was  possible  that 
the  OPN-null  mice  were  deficient  in  producing  one  or  both  of 
these  important  factors  after  infection  by  BCG. 

We  analyzed  the  induction  of  antigen-specific  immunity  in 
sppV”^^  versus  that  in  wild-type  animals.  Splenocytes  from  an¬ 
imals  infected  4  weeks  earlier  were  stimulated  in  vitro  with 
ConA,  an  irrelevant  antigen  (ovalbumin  [OVA]),  the  relevant 
mycobacterial  antigen  (purified  protein  derivative  [PPD]),  or 
culture  medium  only.  The  results  in  Fig.  4A  demonstrate  that 
splenocytes  from  OPN-null  animals  were  capable  of  producing 
IFN-y  specifically  after  stimulation  with  the  relevant  antigen, 
PPD.  The  level  of  IFN-y  produced  by  splenocytes  from  null 
animals  was  comparable  to  that  produced  by  splenocytes  from 
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.  JJm'  2- Assessment  Of  granuloma  burden  after  infection  with  BCG.  (A)  Fluorescent  images  of  liver  sections  from  mice  of  each  genotype  captured  in  the  BioQuant 
system.  A  low-power-view  of  granuloma  burden  in  OPN-null  and  wild-type  mice  viewed  by  fluorescent  microscopy  under  a  fluorescein  cube  is  shown  4^0^ 
images  w^e  captured  with  a  X16  objective  lens.  (B)  Comparison  of  granuloma  burden,  granuloma  number,  and  average  granuloma  size  of  wild-type  versus  sppf""' 

experiments.  OPN-null  animals  had  mor^xtlSve  hfpm 

burd?nTof  <0.05%"’^^*“'^''  ““  ^  “™P^rison.  Livers  from  uninfected  control  animals  of  each  genotype  showed  granuloma 


wild-type  animals;  this  occurred  when  the  difference  between 
the  CFU  was  the  greatest.  There  was  no  difference  in  the 
kinetics  of  induction  of  T-cell  immunity,  because  splenocytes 
of  both  genotypes  produced  similar  levels  of  IFN-y  1  week 
after  infection  (Fig.  4B).  In  addition,  splenocytes  from  wild- 
type  and  OPN-null  mice  did  not  differ  in  their  production  of 
interleukin-4  (IL-4)  or  IL-10  after  stimulation  (data  not 
shown).  Therefore,  the  OPN  mutant  mice  mounted  appropri- 
T-cell  responses  after  infection.  In  addition,  there  was  not 
a  defect  in  antigen  presentation. 

We  next  tested  macrophages  for  RNI  production  by  mea¬ 
suring  the  surrogate  marker  for  NO,  NOj  (14).  Figure  5 A 
shows  the  production  of  RNI  by  PEC  from  wild-type  and 
sppl"”'  mice  treated  with  inflammatoiy  stimuli.  Cells  from 
both  strains  of  mice  produced  comparable  RNI  after  stimula¬ 
tion  by  IFN-y  plus  lipopolysaccharide  (EPS)  or  plus  tumor 
necrosis  factor  alpha  (TNF-a). 

Because  the  requirements  of  NO  production  in  vivo  may 
differ  from  the  conditions  used  in  the  in  vitro  culture  system, 
the  expression  of  NOS2  was  assessed  in  vivo.  Immunohisto- 
chemical  staining  of  liver  sections  revealed  widespread  NOS2 
protein  in  the  granulomas  of  both  wild-type  and  OPN  mutant 
animals  4  weeks  after  infection  (Fig.  5B).  Macrophages  infil¬ 
trating  the  livers  of  both  wild-type  and  mutant  animals  1  week 
after  infection  also  stained  faintly  for  NOS2  (data  not  shown). 


1 

wildtype 

FIG.  3,  Exaggerated  inflammatory  response  of  sppV^*^  mice  compared  to 
wild-type  animals  after  exposure  to  thioglycolate  or  BCG.  (A)  A  total  of 
BCG  organisms  were  inoculated  intraperitoneally,  and  PEC  were  harvested  3 
days  later.  Viable  cells  were  counted  on  a  hemocytometer  by  trypan  blue  exclu¬ 
sion.  Results  are  means  ±  standard  errors  of  10  animals  per  group  from  two 
separate  experiments.  P  <  0.05  for  the  significance  of  differences.  (B)  PEC 
accumulation  3  days  after  intraperitoneal  injection  of  thioglycolate.  Results  are 
means  ±  standard  errors  for  five  animals  per  group.  P  <  0.05  for  the  significance 
of  differences.  Significant  differences  in  cell  counts  were  observed  in  five  other 
experiments  in  which  PEC  pooled  from  OPN-null  mice  outnumbered  those  from 
wild-type  mice  by  1.6-  to  6-fold  5  to  7  days  after  administration  of  thioglycolate. 
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FIG.  4.  OPN-null  animals  are  capable  of  developing  antigen-specific  immu¬ 
nity  comparable  to  wild-type  animals.  Splenocytes  were  stimulated  in  vitro  4 
weeks  after  infection  (A)  or  1  week  after  infection  (B).  IFN-y  secretion  was 
measured  in  supernatants  harvested  after  72  h  of  incubation  with  culture  me¬ 
dium  only,  ConA  (5  p-g/ml),  OVA  (10  jig/ml),  or  PPD  (10  p-g/ml).  Each  symbol 
represents  an  individual  animal:  solid  symbols  are  sppl*^^  animals,  and  open 
symbols  are  wild-type  animals.  Those  symbols  on  the  x  axis  represent  cytoldne 
levels  below  the  smallest  y  axis  value  or  that  were  undetectable  in  the  enzyme- 
linked  immunosorbent  assay. 


As  was  observed  with  the  T-cell  activity  (Fig.  4A),  the  NOS2 
was  present  in  tissues  at  the  time  of  the  greatest  difference  in 
CFU  between  the  genotypes. 

Macrophages  from  OPN-null  mice  are  defective  in  killing 
BCG.  The  presence  of  specific  T-cell  immunity  (Fig.  4)  and  the 
apparently  normal  induction  of  NOS2  (Fig.  5)  were  consistent 
with  the  fact  that  OPN-null  animals  eventually  reduce  the 
numbers  of  BCG  (Fig.  IE).  It  was  possible,  however,  that  there 
was  a  difference  in  the  ability  of  the  macrophages  from 
mice  to  limit  the  growth  of  the  BCG  in  the  absence  of  antigen- 
specific  immunity.  We  tested  the  antimycobacterial  activity  of 
macrophages  from  naive  wild-type  and  null  mice  by  infecting 
them  with  BCG  in  vitro.  As  shown  in  Fig.  6,  pHJuracil  incor¬ 
poration  by  BCG,  which  correlates  directly  with  CFU  (17), 
increased  exponentially  in  macrophages  derived  from  OPN- 
null  mice.  In  contrast,  the  incorporation  of  [^H]uracil  by  BCG 
cultured  with  wild-type  macrophages  was  linear  throughout  the 
experiment  (Fig.  6).  Thus,  the  OPN-null  mice  have  an  intrinsic 
defect  in  their  macrophages  that  renders  them  more  suscepti¬ 
ble  to  BCG  growth. 


DISCUSSION 

Resistance  to  tuberculosis  in  humans  involves  a  complex 
network  of  activation  signals  and  effector  responses.  The  more 
primitive  innate  immune  system  relies  on  pattern  recognition 
of  a  microorganism  to  initiate  containment  of  a  pathogen  (15). 
Subsequently,  initiation  of  the  adaptive  immune  response  en¬ 
hances  the  eradication  of  M  tuberculosis  via  effector  mecha¬ 
nisms  such  as  macrophage  activation  (10)  or  direct  cytotoxicity 
(44).  The  macrophage  is  a  key  participant  in  the  innate  re¬ 
sponse  and  in  the  effector  phase  of  the  adaptive  response. 
Thus,  understanding  the  interaction  between  macrophages  and 
mycobacteria  should  help  to  identify  novel  host  factors  that 
influence  resistance  to  this  disease.  Our  previous  analysis  of 
changes  in  gene  expression  in  macrophages  after  BCG  infec¬ 
tion  identified  one  protein,  OPN,  whose  expression  was  closely 
linked  to  tuberculosis  infection.  Our  current  studies  with  an 
OPN-null  mouse  demonstrate  that  OPN  enhances  host  de¬ 
fenses  against  a  mycobacterial  infection. 

Mice  lacking  a  functional  OPN  gene  suffered  from  more 
severe  infections  by  M  bovis  BCG  than  wild-type  controls.  The 
OPN-null  animals  had  delayed  eradication  of  live  bacilli  and 
exaggerated  peritoneal  inflammation.  The  sppV”^  mice  also 
had  a  greater  hepatic  granuloma  burden,  consistent  with  per¬ 
sistence  of  the  bacilli  and  delayed  resolution  of  the  inflamma¬ 
tion.  The  defect  of  the  OPN-null  mice  is  intrinsic  to  the  mac¬ 
rophage  and  the  cells’  inability  to  control  the  growth  of  the 
mycobacteria. 

Although  it  has  been  labeled  a  chemoattractant  cytokine, 
OPN’s  role  in  the  immune  and  inflammatory  system  has  been 
the  subject  of  much  speculation.  Intradermal  injection  of  the 
protein  can  cause  inflammation  (22,  34,  42).  Previous  studies 
have  shown  that  animals  treated  with  anti-OPN  serum  have  a 
macrophage  migration  defect  (22,  50).  In  contrast,  we  found 
that  OPN-null  mice  had  more  macrophages  accumulate  in 
response  to  thioglycolate  or  to  an  acute  or  a  chronic  mycobac¬ 
terial  infection.  Similarly,  there  was  no  apparent  difference  in 
macrophage  accumulation  between  wild-t^e  and  sppl^^  an¬ 
imals  after  skin  incision  (28).  While  these  findings  do  not 
exclude  OPN  as  a  chemoattractant  molecule,  it  appears  some 
stimuli,  such  as  BCG,  elicit  signals  that  compensate  for  the 
absence  of  OPN  and  promote  macrophage  accumulation. 

Rollo  and  colleagues  have  demonstrated  an  inhibitory  activ¬ 
ity  of  OPN  on  NO  production  and  cytotoxicity  by  macrophages 
in  vitro  (39).  The  production  of  nitrite  after  stimulation  with 
LPS  and  IFN-y  was  delayed,  a  result  of  failed  NOS2  mRNA 
induction  (39).  Our  studies  of  the  OPN-null  mice  have  not 
shown  a  gross  abnormality  of  NO  metabolism.  While  OPN  may 
inhibit  NO  production  under  certain  conditions,  our  data  in¬ 
dicate  that,  overall,  OPN  enhances  the  eradication  of  myco¬ 
bacteria  in  vivo. 

The  data  presented  here,  together  with  those  of  other  stud¬ 
ies  (41),  implicate  OPN  and  its  receptor,  CD44,  as  cofactors  in 
granulomatous  inflammation.  CD44  is  believed  to  be  one  of 
several  receptors  for  OPN  (47).  Mice  deficient  in  CD44  have 
an  exaggerated  granulomatous  response  to  intravenous  Cory- 
nebacterium  parvum  (41).  Likewise,  the  sppl^^  mice  had  an 
increased  granuloma  burden  after  BCG  infection.  Thus,  the 
phenotypes  of  the  two  mutant  mice  are  similar:  a  1.5-  to  2-fold 
increase  in  granuloma  size  and  number  was  observed  in  both 
null  animals  after  a  challenge  with  an  agent  that  induces  gran¬ 
uloma  formation.  A  physiologic  interaction  of  OPN  with  CD44 
in  granulomatous  inflammation  would  explain  the  comparable 
phenotypes  observed  in  both  null  mice. 

The  current  data  support  a  model  in  which  the  OPN-null 
mice  have  a  defect  in  an  important  effector  response  of  mac- 
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FIG.  5.  Macrophages  from  OPN-nuII  and  wild-type  animals  produce  similar 
amounts  of  NO  in  vitro  and  NOS2  in  vivo.  (A)  Nitrite  production  from  PEC 
stimulated  in  vitro.  Thioglycolate-elicited  PEC  were  stimulated  with  IFN-y  (100 
ng/ml)  for  6  (experiment  1)  or  16  (experiment  2)  h  followed  by  addition  of 
TNF-a  (10  ng/ml  [experiment  1]  or  100  ng/ml  [experiment  2])  or  LPS  (5  p.g/ml) 
for  48  h.  Values  are  means  ±  standard  errors  of  quadruplicate  cultures;  open 
bars  and  solid  bars  are  PEC  from  wild-type  and  sppP'^^  animals,  respectively. 
none  detected.  There  was  no  detectable  nitrite  produced  by  cells  stimulated  with 
either  TNF-a  or  LPS  alone.  (B)  Immunohistochemical  stain  for  NOS2  4  weeks 
after  infection  with  BCG.  Representative  animals  are  shown  for  each  genotype. 
Similar  results  were  observed  with  14  animals  in  three  separate  experiments.  The 
resident  macrophages  of  control,  uninfected  animals  did  not  stain  for  NOS2 
Original  magnification,  X200. 
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rophages  during  a  mycobacterial  infection.  OPN  expression  by 
macrophages  is  increased  soon  after  a  mycobacterial  infection 
(35).  We  have  now  demonstrated  that  an  OPN-null  mutation 
creates  an  early  defect  in  the  eradication  of  mycobacteria  in 
vivo  and  a  defect  in  controlling  BCG  growth  in  vitro.  These 
results  are  consistent  with  findings  of  reduced  debridement  of 
tissue  wounds  in  the  OPN-null  mouse,  probably  due  to  poor 
macrophage  function  (28).  Together  with  the  observations  with 
the  CD44-null  mouse  described  above,  these  data  suggest  that 
OPN  enhances  macrophage  activity  to  degrade  material  taken 
up  after  phagocytosis,  which  would  eradicate  mycobacteria 
more  efficiently. 

Multiple  factors,  such  as  the  production  of  inflammatory 
^okines  (10, 11, 19,  20)  and  the  production  of  NO  (4,  30),  are 
involved  in  host  resistance  to  tuberculosis.  Our  present  results 
indicate  that  OPN  has  a  costimulatory  role  in  macrophage 
activation  to  enhance  the  killing  of  mycobacteria  by  macro¬ 
phages.  A  similar  model  of  accessory  molecule  stimulation  of 


monocytes  has  been  suggested  previously  (31).  Activation  of 
human  monocytes  by  IFN-7  is  enhanced  when  the  cells  are 
cultured  on  flbronectin  (31),  In  addition,  interactions  between 
several  cell  types  and  the  extracellular  matrix  can  significantly 
increase  the  expression  of  chemokines  (43).  OPN,  like  fi- 
bronectin,  contains  an  arginine-glycine-aspartic  acid  (RGD) 
domain  and  may  act  as  a  soluble  protein  (42)  or  may  be 
cross-linked  to  extracellular  matrix  proteins  (1). 

The  goal  of  our  initial  investigation  was  to  identify  macro¬ 
phage  genes  whose  expression  was  altered  after  infection  by 
mycobacteria.  The  current  work  confirms  the  biological  rele¬ 
vance  of  the  findings  of  the  genetic  screen  by  identifying  an 
active  role  of  OPN  in  the  clearance  of  mycobacteria  after 
infection.  Further  delineation  of  OPN’s  effects  on  macro¬ 
phages  may  lead  to  new  strategies  to  treat  infections,  similar  to 
using  IFN-7  in  patients  with  multidrug-resistant  tuberculosis 
(8). 
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FIG.  6.  Macrophages  from  OPN-null  mice  are  more  permissive  to  the  via¬ 
bility  and  growth  of  BCG  in  vitro.  Infections  were  performed  as  described  in 
Materials  and  Methods.  The  data  are  mean  counts  per  minute  ±  standard  errors 
of  quadruplicate  cultures;  error  bars  that  are  not  visible  are  smaller  than  the 
symbol  for  that  data  point.  Time  0  represents  the  time  that  the  wells  were  washed 
after  the  4-h  infection,  the  time  of  the  first  tritium  pulse.  The  BCG  cultured  with 
sppV'”^  PEC  grew  exponentially  (solid  squares)  (R^  -  0.98).  The  BCG  cultured 
with  wild-type  PEC  grew  linearly  (solid  circles)  (i?^  =  0.92).  The  95%  confidence 
limits  for  the  best  fit  lines  did  not  overlap  beyond  60  h.  No  significant  pHJuracil 
incorporation  was  observed  with  wild-t)pe  PEC  (open  circles)  or  sppV"^^  PEC 
(open  squares)  in  the  absence  of  BCG.  Similar  results  were  seen  in  two  inde¬ 
pendent  experiments. 
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The  costimulatory  molecule  CD28  regulates  antigen-specific  T-cell  proliferation  and  the  synthesis  of  multiple 
cytokines.  TTie  absence  of  CD28  on  a  subset  of  CD8“®*'‘+  Tcells  suggests  that  these  cells  may  utilize 
alternative  costimulatoiy  pathways  or  have  a  limited  cytokine  response  to  presented  antigen  We  used 
fibronectin,  a  ligand  for  the  p,-integrins  and  ajPi,  as  an  alternate  costimulatoiy  ligand  to  assess  the 

»»  up-„g„l„ed  i. 

CD8  CD28  Tcells  by  immobilized  anti-CDSj  with  fibronectin.  Costimulation  with  fibronectin  also 
anti-CDSj-induced  IFN-y  production  only  among  CD8^”^^^"^CD28~  Tcells  The 
CD8  """‘-^€028“  Tcells  did  not  produce  significant  IL^2  and  IL-10  even  in  response  to  maximal  stimulation 
mynstate  acetate  and  ionomycin.  These  data  support  a  costimulatory  role  for  6i-integrins  in 

CD8  CD28  Tcells  and  indicate  that  CD8‘’"«*’'+  CD28-  Tcells  have  a  restricted  Thl  cytokine 
repertoire. 


J.  J.  Saukkonen,  Pulmonary  Center,  Boston  University  School  of  Medicine,  80  East  Concord  Street  R-304 
Boston,  MA  02118,  USA 


INTRODUCTION 


MATERIALS  AND  METHODS 


CD28  is  a  critical  costimulatory  molecule,  markedly  augmenting 
Iroth  anti-CD3-induced  T-cell  proliferation  [1-4]  and  the  secre¬ 
tion  of  multiple  cytokines  (5,  6].  CD28  is  expressed  by  the 
majority  of  circulating  TceUs,  while  CD28~  lymphocytes  are 
found  among  CD8“*^'+  Tcells  and  008*"*+  nariiral  kiUer  (NK) 
cells  [7—10].  However,  large  CD28  T-cell  populations  are  found 
in  normal  lung  and  in  progressive  HIV  infection  [11-16]. 
Functionally,  T  cells  lacking  CD28  display  limited  proliferation 
in  response  to  anti-CD3  [10,  15-18].  In  particular,  CD28“ 
Tcells  may  have  a  restricted  ability  to  produce  the  array  of 
cytokines  normally  regulated  through  the  CD28  pathway.  We 
test^  the  hypothesis  that  CD8'^8'’'+CD28"  T  cells  could  utilize 
^l-integrins  as  alternative  costimulatoiy  molecules.  To  assess 
file  feasibility  of  costimulating  CD8*"*'’'+CD28“  Tcells 
fiirough  ^l-integrins,  we  first  determined  the  surface  expression 
of  O4P1  and  a5pj  on  these  cells.  Subsequently,  we  assessed 
file  induction  of  both  CD25  and  the  cytokines  interferon  (IFN> 
T.  interleukin  (IL-2)  and  IL-10  in  CD8*’”®''*+CD28“ 
Tcells  following  costimulation  with  fibronectin  (FN)  and 
anti-CDSj. 


T-cell  isolation.  Peripheral  blood  mononuclear  cells  (PBMC)  were 
prepared  by  Ficoll-Paque  (Pharmacia  Biotech,  Uppsala,  Sweden)  cen¬ 
trifugation  at  500g  for  45  min.  Tcells  were  subsequently  isolated  by 
nylon  wool  nonadherence. 

Monoclonal  antibodies.  The  following  monoclonal  antibodies 
(MoAbs)  were  used  for  extracellular  antigen  staining:  anti-CD8  (Bio- 
soi^e,  Camarillo,  CA,  USA),  RED613-conjugated  goat  anti-mouse 
(Gibco  BRL,  Gaithersburg,  MD,  USA),  anti-CD25-fiuorescein  isothio¬ 
cyanate  (FITC;  Becton-Dickinson,  Mountain  View,  CA,  USA),  anti- 
CD28-phycoerythrin  (PE;  Pharmingen,  San  Diego,  CA,  USA)  or  -FITC 
ammunotech,  Westbrook,  ME,  USA),  and  anti-VLA4  (o^Pi)  and  anti- 
VLA5  (as^u  Immunotech).  Intracellular  MoAbs  (Pharmingen) 
used  included:  anti-IFN-y-FITC,  anti-IL-2-PE.  and  IL-IO-PE.  Negative 
isotype-specific  controls  (Pharmingen)  in  the  appropriate  concentrations 
were  used  to  determine  the  limits  of  nonspecific  fluorescence. 

T-cell  stimulation.  T  cells  were  added  to  plastic  48-well  plates  (Costar, 
Cambridge,  MA,  USA)  with  or  without  anti-CD3i  (150ng/well,  Bio¬ 
source)  and  FN  (10/xg/well),  orphorbol  myristate  acetate  (PMA;  3/im, 
Sigma,  St.  Louis,  MO,  USA)  with  ionomycin  (I;  0.5  /im.  Sigma).  Cells 
were  cultured  in  RPMI  (Mediatech)  with  10%  fetal  calf  serum  (FCS; 
Sigma)  plus  monensin  (3 /am,  Pharmingen)  for  24-48  h,  periods  that 
were  found  to  be  optimal  for  these  studies. 
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Surface  antigen  and  intracellular  cytokine  staining.  The  method  of 
Sander  etal.  was  modified  for  surface  antigen  staining  followed  by 
intracellular  cytokine  staining  [19-22].  T cells  (0.5x10^)  in  500 /xl  of 
staining  buffer  (phosphate-buffered  saline,  PBS,  0.1%  sodium  azide  and 
1%  ‘FBS;  pH  7.5)  were  stained  with  extracellular  MoAbs  at  4®C  for 
25  min,  washed  and  fixed  in  100/jlI  4%  paraformaldehyde  (Baker, 
Phillipsburg,  NJ).  Cells  were  permeabilized  in  50 /il  of  0.1%  saponin 
(Sigma)  in  PBS  with  1%  heat-inactivated  PCS  and  0.1%  sodium  azide, 
then  stained  with  intracellular  cytokine  antibody  (Ab)  or  control  Ab  for 
30  min  at  4®C.  Cells  were  washed  in  permeabilization  buffer  and 
resuspended  in  150/i.l  of  10%  formalin  (Fisher  Scientific,  Fair  Lawn, 
NJ,  USA)  and  550  /xl  of  staining  buffer. 

Flow  cytometric  analysis  of  extracellular  and  intracellular  antigen 
staining.  Cells  were  analysed  on  a  Becton-Dickinson  FACScan  flow 
cytometer.  Data  were  gated  on  cells  and  controls  were  used  to 

determine  the  95%  confidence  interval  of  nonspecific  staining. 

Statistical  analysis.  The  Wilcoxon  signed  rank  test  was  used  to 
identify  differences  between  paired  groups,  where  appropriate  the 
Student’s  Mest  was  used  for  smaller  numbers. 

RESULTS 

Both  CD^"^'"-^CD28~  and  CD5*”*'''+CD25+  T  cells  express  Pj 
integrins 

The  data  given  in  Fig.  1  and  Table  1  show  that  a  substantial 
number  of  CD8^"^*“''CD28“  T cells  expressed  a4Pi  and  a5^l 
ligands  forFN.  These  data  indicate  that  ^  30%  of  CD8^^*‘’'CD28^ 
T  cells  should  be  responsive  to  FN  costimulation. 

FN  costimulation  induced  comparable  CD25  expression  in 
CD^^^^'-^CD2S~  and  CD28^  T cells 

CD25  expression  was  increased  significantly  on 
CD8*”^*‘^CD28~  Tcells  by  costimulation  with  anti-CDSj  and 
FN  {P  =  0.045)  for  24  h  but  not  by  anti-CD3  alone,  when 
compared  with  unstimulated  cells  (Fig.  2).  Costimulation  with 
anti-CD3i  and  FN  tended  to  increase  CD25  expression  beyond 
that  achieved  by  anti-CD3i  alone,  but  this  augmentation  did  not 
achieve  statistical  significance  for  either  the  CD8^"®^^'^CD28“''  or 


Table  1.  Percentage  of  T  cells  expressing  pj -integrins 


Donor 

CD28" 

CD28‘^ 

a4pi 

a5pi 

a4pi 

a5pl 

1 

16.1 

10.7 

44.8 

31 

2 

39.1 

55.7 

45.1 

56.2 

3 

41 

23.7 

56.2 

43.3 

4 

59.5 

6.3 

75.8 

23.7 

5 

15.5 

5.8 

34.1 

14.8 

6 

24.2 

49.1 

49.2 

56.9 

Mean 

32.6 

25.2 

50.9* 

37.7^ 

SEM 

7.0 

9.0 

5.8 

7.1 

♦P= 0.003;  0.012,  compared  >vith  CD28“. 


CD28^  T-cell  subset.  Addition  of  a  neutralizing  antibody  to  n.-2 
failed  to  block  CD25  up-regulation  on  either  CD8^*^^^‘"*‘CD28~ 
or  CD8^"^^*'‘"CD28"^  T  cells  (data  not  shown),  suggesting 
that  CD25  up-regulation  in  this  system  was  not  dependent  on 
paracrine  IL-2  secreted  by  activated  Tcells. 

pj-Integrin  costimulation  induced  significant  intracellular  IFN-y 
only  in  CD8^''''^^'^CD28~  Tcells 

Activation  of  CD8^”^^'+CD28"  Tcells  with  CD3  and  FN 
induced  significant  IFN-y  production  beyond  that  achieved 
through  CDS  alone  (Fig.  3,  mean  percentage  cells  positive 
±  SEM  22.6  ±  6.8  versus  13.7  ±6,  respectively,  F  =  0.018). 
However,  CD8^”®*'*"*'CD28'*'  T  cells  failed  to  display  a  significant 
increase  in  intracellular  IFN-y  in  response  to  either  anti-CDSj 
alone  or  with  FN.  The  production  of  IFN-y,  following  anti- 
CD3i  -j-  FN  costimulation,  tended  to  be  higher  among 
CD8b”g'’‘+CD28-  Tcells  than  among  CD8'’"^^'^CD28*^ 
Tcells,  a  finding  which  approached  statistical  significance 
(mean  percentage  cells  positive  ±  SEM  22.6  ±6.8  versus 
2.5  ±  1.2,  respectively,  F  =  0.067). 

Intracellular  IL-2  and  IL-IO  production  by 
and  CD^"'^^'^CD28^  Tcells 

Maximal  stimulation  with  PMA-I  significantly  increased,  over 
unstimulated  controls,  the  production  of  IL-2  (mean  percentage 
cells  positive  ±  SEM  22.2  ±5.2  versus  6.4  ±0.7,  P  =  0.0309) 
and  EL-IO  (14.6  ±2.4  versus  7.9  ±0.5,  P  =  0.042)  only  by 
CD8*’"8ht-i-cD28“*'  Tcells  (Figs  4  and  5).  This  suggested  that 
CD8^"®*’*'^CD28"'  Tcells  have  a  restricted  cytokine  repertoire 
compared  with  CD8^"^*'‘‘^CD28‘^  Tcells.  Submaximal  stimuli, 
such  as  anti-CD3i,  with  or  without  FN,  failed  to  induce  a 
significant  increase  in  IL-2  or  IL-10  for  either  group  of  Tcells. 

DISCUSSION 

We  examined  the  functional  capabilities  of  a  unique  subset  of 
T  cells  that  lack  CD28,  a  predominant  population  which 
we  identified  previously  in  normal  lung  and  in  HIV-infected 
patients.  This  paper  reports  two  findings  regarding 
CD8^”e**^+CD28~  Tcells  [1]:  they  can  be  costimulated  through 
the  Pi-integrins  a4Pi  and  asPi,  and  [2]  they  are  potent  producers 
of  IFN-y,  but  not  of  IL-2  or  IL-10. 

Whole  T-cell  populations  have  been  successfully  costimulated 
through  pi-integrins,  inducing  proliferation  and  increasing  IL-2 
and  IFN-y  production  beyond  that  induced  by  anti-CD3i  alone 
[23-27].  We  found  that  25-30%  of  CD8*^"^’*'“^CD28“  Tcells 
expressed  a4^i  and  integrins,  constituting  a  substantial 
subset  capable  of  binding  FN.  Costimulation  with  anti-CD3i  and 
FN  increased  surface  expression  of  the  activation  marker  CD25, 
and  induced  intracellular  IFN-y  production  beyond  that  induced 
by  anti-CD3i  alone.  A  neutralizing  antibody  to  IL-2  failed  to 
block  CD25  up-regulation  on  costimulated  CD8''"^^^‘^CD28“ 
and  CD8‘’"s*''*^CD28'*-  Tcells.  Thus,  CD25  up-regulation  on 
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Fig.  1.  CD8‘’"«^*+CD28"  and  CD8‘^"®^’'^CD28'^ 
Tcells  express  a43i  and  aspj  integrins.  Three- 
colour  flow  cytometry  was  used  to  first  identify 
(-j)gbrighr4^^j^28+  and  CD8*’"^*'*'^CD28’  Tcells. 
shown  here  as  R1  and  R2,  respectively,  on  a 
two-dimensional  contour  plot.  Histograms  were 
then  constructed  for  a4pi  and  05^1  integrin 
expression  for  each  of  these  populations. 
Staining  from  the  isotype  control  is  represented 
by  the  dotted  lines. 


CD8^"sht+cD28  Tcells  was  not  related  to  paracrine  IL-2 
secreted  by  0028“^  T  cells  also  activated  by  the  same  stimuli. 
CD8b"*'’«+cD28-  Tcells,  unlike  CD8*’"«'’t+cD28+  Tcells, 
failed  to  produce  significant  IL-2  and  IL-10  despite  maximal 
activation  with  PMA-I.  These  data  indicate  that 
CD8b"8'”+CD28“  Tcells  may  be  costimulated  through 
integrins  and  indicate  that  CD8‘^*'’|+cd28“  Tcells  have  a 
restricted  T-helper  (Th)l  cytokine  repertoire. 

The  3]-integrin-mediated  activation  of  CD28~CD8b"®b‘+ 
T  cells  was  remarkable  for  the  magnitude  and  specificity  of  the 
cytokine  response.  Since  25-30%  of  CD8b"®b'+cD28-  Tcells 
expressed  04^,  and  053,,  approximately  one-half  of  the  cells 
capable  of  responding  did  so.  The  method  of  intracellular 
staining  with  monensin  typically  yields  positive  signals  in 
the  5%  range  for  T  cells  [19-22],  much  lower  than  the 
response  elicited  here.  Stimulation  of  CD8'^®*’t-t0£)28" 
T  cells  induced  only  IFN-7,  even  in  response  to  PMA-I.  Sig¬ 
nificant  IL-2  and  IL-10  production  was  seen  only  among 
CD8b"8'"+CD28'''  Tcells  and  only  in  response  to  PMA-I. 
Tcells  from  the  CD28-deficient  mouse  and  human  CD28“ 
blood  Tcells  have  also  been  reported  to  be  incapable  of 
producing  IL-2  [12,  22].  The  CD28  pathway  stabilizes  IL-2 
mRNA  [5,  29]  thus,  IL-2  gene  expression  may  be  short  lived  in 
CD28“  T cells  [12].  The  inability  of  CD8“*''t-H(-£,28“  Tcells  to 
produce  IL-2  may  hinder  the  production  of  IL-2-dependent 
cytokines  [30].  In  contrast,  the  production  of  IFN-y  may  be 
enhanced  by,  but  does  not  require,  CD28  costimulation  [5,  29, 
30].  Thus,  CD8b'’®b'+cjy28“  T cells,  despite  activation  eliciting 
CD25  expression,  are  restricted  in  their  cytokine  repertoire, 
suggesting  that  these  T  cells  have  differentiated. 

The  CD28”  T-cell  subset  consists  of  effector  cells  with  limited 
replicative  ability.  These  cells  express  markers  associated  with 
cytotoxic  T-lymphocytes  (CTL)  [11,  15],  are  capable  of  anti- 
CD3-redirected  cytolysis  and  of  major  histocompatibilty  com¬ 
plex  (MHC)-restricted  cytotoxicity  [10].  Early  data  regarding 
CD28“  T  cells  indicated  that  they  were  capable  of  acting  as 
suppressor  cells  [17,  18,  31].  Oonally  expanded  CD28~CD8^ 
Tcells  have  shortened  telomeres  compared  with  CD28^CD8^ 
Tcells,  suggesting  that  the  former  have  undergone  more  rounds 
of  replication  than  the  latter  and  are  limited  in  future  replicative 
ability  [32].  We  previously  reported  that  70%  of  normal  alveolar 
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Fig.  2.  Costimulated  CD8‘^^^''^CD28“  and  CD8^®‘'‘‘^CD28'^  Tcells 
express  CD25.  Three-colour  flow  cytometry  was  used  to  assess  CD25 
surface  expression  on  CD8^”^‘'*'CD28~  and  CD8^"^*'*'^CD28'^  Tcells 
in  response  to  stimuli  {n  =  6).  Costimulation  for  24  h  with  anti-CD3i 
and  but  not  anti-CD3j  alone,  significantly  increased  CD25  surface 
expression  on  both  T-cell  subtypes  compared  with  unstimulated 
Tcells. 
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Fig.  3.  pi-integrin  costimulated  CD8*^*‘'*'''CD28“  Tcells  produce 
intracellular  IFN-y.  T  cells  were  cultured  in  the  presence  of  monensin, 
stained  for  surface  expression  of  CD8  and  CD28,  fixed,  permeabilized 
with  saponin,  and  stained  with  antibody  to  IFN-y  {n  =  7).  Anti-CD3, 
plus  FN  significantly  augmented  intracellular  IFN-y  production 
beyond  that  induced  by  anti-CD3i  alone  at  24  h. 
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Fig.  4.  Intracellular  IL-2  production  induced  by  activation  of 
CD8‘-"f''+CD28+.  but  not  CD8“*'-'+CD28-,  Tcells.  Tcells  were 
cultured  and  stimulated  as  in  Fig.  3  and  stained  with  antibody  to  IL-2 
(n  =  6).  Three-colour  flow  cytometry  demonstrated  that  intracellular 
IL-2  was  signficantly  increased  by  PMA-I  only  in  CD8*'”^*’*'^CD28‘*' 
TceUs. 
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Fig.  5.  Intracellular  BL-IO  production  induced  by  activation  of 
CD8'>«*h,+cD28+,  but  not  CD8“*‘'+CD28-.  Tcells.  Tcells  were 
culnired  and  stimulated  as  described  in  Fig.  3  and  intracellular 
cytokine  detection  performed  to  detect  IL-10.  Only  CD28'*'CD8**’®'”‘*' 
T  ceUs  produced  signiflcant  intracellular  IL-10  in  response  to  PMA-I 
(n  =  5). 

CDS'*'  T  cells  express  CD28  [1 1],  a  significant  population  to  have 
limited  replicative  ability.  The  mucosa  of  the  lung  is  a  site  of 
chronic  and  diverse  antigenic  exposure,  where  a  restricted  and 
regulated  immune  response  is  desirable.  Alveolar  macrophages 
do  not  normally  express  B7  costimulatory  molecules,  ligands  for 
CD28  [33],  limiting  the  generation  of  antigen-specific  T-cell 
responses.  The  majority  of  alveolar  CD8’’"®'’''''  Tcells  are  likely 
to  be  activated  through  alternative  costimulatoiy  pathways  such 
as  the  ^l-integrins,  leading  to  a  restrained  immune  response. 
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ABSTRACT  Chronic  inflammation  and  granuloma  forma¬ 
tion  are  associated  with  mononuclear  cell  infiltrates  and  are 
characteristic  pathologic  responses  in  tuberculosis.  To  identify 
host  cell  genes  involved  in  tuberculous  pathology,  we  screened 
macrophage  cDNA  libraries  for  genes  induced  by  mycobacterial 
infection.  One  gene  isolated  in  this  screen,  osteopontin  (also 
known  as  early  T  lymphocyte  activation  protein  1  or  Eta-1),  was 
of  particular  interest  because  it  is  a  cytokine  and  macrophage 
chemoattractant  Further  study  revealed  that  Mycobacterium 
tuberculosis  infection  of  primary  human  alveolar  macrophages 
causes  a  substantial  increase  in  osteopontin  gene  expression. 
Osteopontin  protein  was  identified  by  immunohistochemistry  in 
macrophages,  lymphocytes,  and  the  extracellular  matrix  of 
pathologic  tissue  sections  of  patients  with  tuberculosis.  In¬ 
creased  osteopontin  expression  also  was  found  to  be  associated 
with  silicosis,  another  granulomatous  disease.  The  association  of 
osteopontin  with  granulomatous  pathology,  together  with  the 
known  properties  of  the  protein,  suggest  that  osteopontin  may 
participate  in  granuloma  formation.  The  strategy  of  identifying 
host  genes  whose  expression  is  altered  by  infection  thus  can 
provide  valuable  clues  to  disease  mechanisms  and  will  be  in¬ 
creasingly  valuable  as  additional  human  genome  sequences 
become  available. 


Mycobacterial  infections  are  among  the  most  numerous  in  the 
world,  with  Mycobacterium  tuberculosis  believed  to  have  infected 
one-third  of  the  world’s  population  (1).  Aggravating  the  world¬ 
wide  pandemic  have  been  the  emergence  of  resistant  organisms 
and  the  concurrent  HIV  epidemic.  These  events  have  renewed 
interest  in  understanding  the  fundamental  biology  of  the  inter¬ 
actions  between  pathogenic  mycobacteria  and  their  host. 

Exposure  to  M.  tuberculosis  can  lead  to  a  pulmonary  infec¬ 
tion  characterized  by  macrophage  recruitment  to  the  site  of 
infection,  followed  in  many  cases  by  granuloma  formation 
(2-4).  M.  tuberculosis  is  a  facultative  intracellular  pathogen 
whose  cellular  habitat  is  the  macrophage  (5-9).  Thus,  the  M. 
rwfrcrcw/osw-macrophage  relationship  is  of  considerable  inter¬ 
est.  Previous  investigations  have  revealed  that  interleukin  1, 
tumor  necrosis  factor-a,  interleukin  6,  transforming  growth 
factor-]8,  and  interleukin  8  production  by  macrophages  is 
increased  by  exposure  to  mycobacteria  (10-14).  Negative 
effects  of  mycobacteria  on  macrophage  antigen  presentation 
(15)  and  responsiveness  to  cytokines  (16,  17)  also  have  been 
documented.  However,  little  is  known  about  the  molecular 
mechanisms  involved  in  granuloma  formation. 

To  gain  insight  into  the  host  response  to  tuberculosis,  we 
used  differential  screening  of  cDNA  libraries  to  compare 
mRNAs  of  infected  and  uninfected  macrophages.  We  rea¬ 
soned  that  the  identification  of  macrophage  genes  whose 
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expression  is  altered  after  phagocytosis  of  M.  tuberculosis 
might  provide  clues  to  pathogenesis.  Using  a  model  system  that 
used  a  macrophage  cell  line  (18,  19),  we  surveyed  the  popu¬ 
lation  of  macrophage  mRNA^  for  those  altered  by  mycobac¬ 
terial  infection.  Genes  identified  with  this  strategy  were 
studied  in  human  cells  exposed  to  M.  tuberculosis  and  in  tissues 
from  patients  with  tuberculosis.  One  gene  identified  repeat¬ 
edly  in  this  screen  was  particularly  interesting  because  its 
protein  product,  osteopontin,  is  a  cytokine  and  macrophage 
chemoattractant  (20,  21).  Osteopontin  gene  expression  was 
induced  by  mycobacterial  infection  of  human  macrophages, 
and  osteopontin  protein  was  found  in  human  tissue  specimens 
from  patients  with  clinical  tuberculosis. 

METHODS 

Bacteria.  Mycobacterium  bovis  bacillus  Calmette-Guerin 
(American  Type  Culture  Collection  no.  35734)  was  grown  from 
a  frozen  stock  for  3  days  (to  OD6oo  ^1-2)  in  Middlebrook  7H9 
broth  with  0.5%  glycerol,  0.05%  Tween  80,  and  ADC  enrichment 
(Difco).  BCG  diluted  1:10  in  RPMI  medium  1640  with  1%  fetal 
calf  serum  was  added  to  J774  cells  (bacteriarmacro- 
phage  ratio  approximately  10:1).  The  streptomycin-dependent 
strain  oi Escherichia  coli,  sd-4  (American  Type  Culture  Collection 
no.  11143),  was  cultured  in  Luria-Bertani  medium  with  strepto¬ 
mycin  at  624  iLig/ml.  Frozen  stocks  in  20%  glycerol  were  made 
from  stationary-phase  cultures  after  2  days  growth  in  Luria- 
Bertani  medium  containing  25  )xg/ml  streptomycin.  On  the  day 
of  infection  these  bacteria  were  thawed,  were  resuspended  in  7H9 
medium,  and  were  diluted  as  for  BCG  (bacteria:macrophage 
approximately  1:1).  These  two  ratios  were  required  to  achieve 
comparable  percentages  of  infected  macrophages;  toited  growth 
of  the  jE.  coli  in  the  absence  of  streptomycin  necessitated  a  lower 
ratio.  Latex  beads  (0.8  pm,  carboxylate-modified,  Sigma  no. 
L-1398)  were  treated  with  70%  ethanol  before  use. 

Macrophage  Culture  and  Infection.  J774  cells  (American  Type 
Culture  Collection  no.  TIB  67)  were  grown  without  antibiotics  in 
RPMI  medium  1640  with  10%  low-endotoxin  fetal  calf  serum 
(GIBCO/BRL)  untU  infection.  These  cells  were  infected  by 
incubation  with  either  bacteria  or  beads  for  4  hr,  were  washed 
three  times  with  Hanks*  balanced  salt  solution,  and  were  cultured 
for  an  additional  20  hr  before  RNA  harvest.  During  and  after 
infection,  cells  were  maintained  in  1%  low-endotoxin  fetal  calf 
serum  as  previously  described  (18).  Alveolar  macrophages  were 
obtained  from  consenting  human  donors.  Bronchoalveolar  la¬ 
vage  cells  were  harvested  by  bronchoscopy  and  plated  at  a  density 
of  500,000  cells/ml.  Alveolar  macrophages  were  purified  by 
adherence  to  plastic  after  growing  4  days  in  RPMI  medium  1640 
with  10%  fetal  calf  serum.  Cells  were  infected  as  described  above 
except  that  cultures  of  M.  tuberculosis  H37Rv  and  BCG  were 


Abbreviations:  BCG,  bacillus  Calmette-Guerin;  MIP-la,  macrophage 
inflammatory  protein  1-a.  ,  . 

^Present  address:  Biology  Department,  Bemidji  State  University,  1500 
Birchmont  Drive,  NE,  Bemidji,  MN  56601. 

IITo  whom  reprint  requests  should  be  addressed. 
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passaged  through  a  25-gauge  needle  before  addition  to  macro¬ 
phages. 

Library  Construction  and  Screening.  RNA  was  isolated 
using  the  guanidinium  isothiocyanate/CsCl  method  (22),  Five 
micrograms  of  poly(A)'^  RNA  isolated  by  oligo(dT)  chroma¬ 
tography  was  used  to  construct  a  cDNA  library  from  BCG- 
infected  J774.  The  Superscript  cDNA  kit  (GIBCO/BRL)  was 
used  to  generate  first-strand  cDNA  using  oligo(dT).  Second- 
strand  cDNA  was  synthesized  using  a  modification  of  the 
protocol  of  Gubler  and  Hoffman  (23).  The  resulting  cDNA 
was  ligated  into  AgtlO  using  EcoRl-Notl  linkers.  Recombinant 
phage  were  selected  and  amplified  using  standard  techniques. 
The  cDNA  library  prepared  from  BCG-infected  J774  cells 
contained  1.1  X  10^  independent  recombinants  with  an  aver¬ 
age  insert  size  of  greater  than  1  kb.  Of  six  random  phage 
isolates,  all  contained  inserts. 

A  nonradioactive  detection  method,  the  Genius  System 
(Boehringer  Mannheim)  was  used  for  library  screening.  Prepa¬ 
ration  of  digoxigenin-labeled  cDNA  probes  from  poly(A)'^  RNA, 
hybridization,  and  detection  with  Lumi-Phos  530  or  NBT/X- 
phosphate  were  used  as  per  the  manufacturer’s  protocol.  Plaques 
were  screened  by  incubating  duplicate  filters  with  digoxigenin- 
labeled  cDNA  from  E.  coll  or  BCG-infected  macrophages, 

RNA  Analysis.  Ten  micrograms  of  total  cellular  RNA  was  run 
per  lane  of  a  1%  glyoxal/dimethyl  sulfoxide  agarose  gel  and 
transferred  to  nylon  membranes  (Amersham).  Hybridization, 
washing,  and  probe  stripping  were  as  directed  by  the  membrane 
manufacturer.  Probe  fragments  isolated  from  agarose  gels  by 
using  DEAE  membrane  (Schleicher  &  Schuell)  or  by  using  silica 
adherence  (Geneclean  II,  SUN  Bioscience)  were  labeled  by 
random  priming  (Primelt  II,  Stratagene),  Relative  signals  were 
quantitated  with  a  phosphoimager  (Fuji)  and  were  normalized  to 
the  actin  signals. 

Quantitative  PCR  Analysis.  One  microgram  of  total  RNA 
was  reverse-transcribed  using  Superscript  reagents  (GIBCO/ 
BRL),  The  PCR  used  1/lOth  of  the  reverse-transcribed  cDNA 
in  a  IOO-/1I  volume,  and  included  10  /xl  of  10  X  Taq  buffer,  4 
p,I  of  5  mM  dNTPs,  50  pmol  of  each  primer,  1  /llI  of  competitive 
template,  and  1  /xl  (5  units)  of  Taq  DNA  polymerase  (Perkin- 
Elmer).  The  reaction  was  incubated  for  35  cycles  of  94‘’C  for 
30  sec,  50°C  for  30  sec,  and  72°C  for  1  min.  The  competitive 
template  was  generated  by  insertion  of  a  333-bp  DNA  frag¬ 
ment  from  an  Nde\  digest  of  the  yeast  RPBl  gene  to  the  unique 
Ndel  site  of  the  human  osteopontin  gene.  The  primers  used 
were  5'-CACCrGTGCCATACCAGTTAAACAG-3'  and  5'- 
CATGGCTGTGAAATTCATGGCTGTG-3'.  These  primers 
allowed  amplification  of  an  830-bp  cDNA  fragment  and  a 
1,163-bp  fragment  from  the  competitive  template.  No  product 
was  seen  when  these  primers  were  used  to  amplify  this 
fragment  from  1  /xg  of  purified  genomic  DNA.  Commercially 
available  actin  primers  were  used  (Stratagene). 

Immunohlstochemical  Staining.  Tissue  sections  were  ob¬ 
tained  from  the  Gaensler  Lung  Archive  at  the  Boston  Uni¬ 
versity  Pulmonary  Center  and  the  Boston  Veterans  Affairs 
Hospital.  These  specimens  are  paraffin-embedded  tissue  pro¬ 
cessed  using  standard  clinical  techniques.  Immunohistochem- 
ical  staining  was  done  on  a  Ventanna  ES  automated  stainer 
( Ventanna,  Tucson,  AZ).  Sections  5  /xm  thick  were  baked  for 
1  hr  at  60°C  onto  positively  charged  slides  and  then  deparaf- 
finized  with  xylene  and  hydrated  in  graded  alcohol  washes  to 
water.  Slides  were  then  processed  with  Ventanna’s  protease  I 
reagent  for  4  min  and  incubated  with  primary  antibodies  for  32 
min  at  42°C.  The  manufacturer’s  protocol  was  used  for  the 
diaminobenzidine  kit  (osteopontin)  and  the  fast  red  kit 
(CD68).  Images  were  photographed  with  Kodak  Ektachrome 
or  Ektar  film  and  scanned  into  Adobe  Photoshop  to  create 
composite  figures. 

mAbs  MPIIIBlOi,  specific  for  rat  and  human  osteopontin, 
and  QHl,  specific  for  quail  vascular  endothelial  cells,  were 
obtained  from  the  Developmental  Studies  Hybridoma  Bank 


(Iowa  City,  Iowa)  and  used  at  1:200  dilution  of  hybridoma 
supernatant  (400  and  500  ng/ml,  respectively).  mAb  KP-1  (24) 
recognizing  human  CD68  was  obtained  from  Dako. 

RESULTS 

Identification  of  Genes  Associated  with  Infection  of  Mac¬ 
rophages.  The  effect  of  bacterial  infection  on  macrophage 
gene  expression  was  investigated  by  differential  screening  of 
cDNA  libraries.  The  murine  macrophage  cell  line  J774  was 
used  in  these  initial  experiments  because  previous  work  has 
established  its  usefulness  for  studying  interactions  between 
mycobacteria  and  macrophages  (18,  19).  Differential  screen¬ 
ing  of  libraries  has  the  advantage  of  detecting  smaller  changes 
in  relative  mRNA  levels  than  subtractive  hybridization. 

The  screening  strategy  is  summarized  in  Fig.  1,  The  J774  cells 
were  exposed  to  latex  beads,  or  E.  coli,  or  M  bovis  BCG,  and 
recombinant  cDNA  libraries  and  probes  were  prepared  from  the 
macrophage  poly(A)^  mRNA.  The  phage  library  representing 
mRNAs  of  macrophages  infected  with  BCG  was  plated  with  host 
bacteria,  and  duplicate  filters  were  placed  on  the  plaques.  These 
filters  then  were  hybridized  with  cDNA  probes  prepared  from 
J774  cells  infected  with  either  E.  coli  or  BCG,  and  plaques  with 
different  signal  strengths  were  isolated.  This  screening  strategy 
was  designed  to  identify  genes  whose  expression  differed  when 
macrophages  were  exposed  to  BCG  versus  E.  coli.  The  librciry 
constructed  with  mRNA  from  BCG-infected  J774  cells  was 
screened  to  maximize  the  chance  of  identifying  genes  whose 
expression  was  specifically  increased  by  BCG. 

Approximately  730,000  recombinant  phage  were  screened 
by  probing  duplicate  filters  with  labeled  cDNA  prepared  from 
J774  cells  that  had  phagocy tized  BCG  or  E.  coli.  Three  clones 
were  isolated  that  produced  stronger  signals  with  cDNA  from 
macrophages  infected  with  E.  coli.  Sequencing  of  their  insert 
DNAs  revealed  that  one  cDNA  clone  encoded  macrophage 
inflammatory  protein  1 -a  (MIP-la)  (25)  and  two  encoded 
ferritin  (26).  Ten  clones  were  isolated  that  produced  stronger 
signals  with  cDNA  from  macrophages  infected  with  BCG,  All 
of  these  encoded  osteopontin  (27), 

Differential  Expression  of  MlPlof,  Ferritin,  and  Osteopon¬ 
tin  mRNAs.  To  confirm  that  the  three  genes  represented  by  the 
cDNA  clones  identified  by  the  screening  process  were  indeed 
differentially  expressed,  radiolabeled  insert  DNAs  from  the 
clones  were  used  to  probe  macrophage  mRNA  immobilized  on 
nylon  filters  (Fig.  24).  The  mRNAs  of  all  three  genes  accu¬ 
mulated  to  higher  levels  when  macrophages  phagocytized  the 
two  bacterial  species  versus  the  latex  beads. 

Osteopontin  mRNA  accumulated  to  similar  levels  in  mac¬ 
rophages  exposed  to  latex  beads  or  E.  coli,  but  accumulated  to 
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Fig,  1.  Screening  strategy  using  lambda  phage  cDNA  library 
analysis. 
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Fig.  2.  Analysis  of  gene  expression  by  Northern  hybridization  of  total  cellular  RNA  prepared  from  J774  cells  stimulated  with  various  agents. 
(A)  Confirmation  of  differential  expression  of  genes  identified  by  phage  library  screening.  J774  macrophages  were  stimulated  with  latex  beads,  E. 
coll  or  BCG  and  RNA  was  probed  with  labeled  MIP-la,  ferritin,  osteopontin,  and  actin  cDNAs.  (B)  Osteopontin  mRNA  levels  are  equal  in  J774 
macrophages  that  have  phagocytized  dead  or  live  BCG.  Heat-killed  BCG  were  prepared  by  heating  a  1-ml  culture  of  BCG  in  Middlebrook  7H9 
broth  for  15  min  at  65°C  This  treatment  reduced  bacterial  viability  more  than  10,000-fold.  (C)  Osteopontin  mRNA  is  induced  in  J774  macrophages 
by  the  BCG  bacillus  but  not  Middlebrook  7H9  medium  or  a  BCG  culture  filtrate  prepared  with  a  0.2-/xm  filter. 


at  least  5-fold  higher  levels  after  infection  of  macrophages  with 
BCG  (Fig.  2A).  There  were  similar  increases  in  osteopontin 
mRNA  levels  in  macrophages  that  had  phagocytized  live  and 
heat-killed  BCG  (Fig.  2B).  As  shown  in  Fig.  2C,  neither  7H9 
medium  nor  supernatant  from  a  BCG  culture  was  capable  of 
eliciting  the  increase  in  osteopontin  expression  caused  by  BCG 
organisms.  Thus,  osteopontin  mRNA  levels  increase  substan¬ 
tially  in  murine  macrophages  that  phagocytize  BCG. 

Osteopontin  Expression  in  Human  Lung  Macrophages.  We 
investigated  whether  increased  osteopontin  gene  expression  oc¬ 
curs  in  primary  human  cells  in  response  to  phagocytosis  of 
virulent  M.  tuberculosis.  Human  alveolar  macrophages  were 
exposed  to  latex  beads,  BCG,  and  M.  tuberculosis  strain  H37Rv. 
To  determine  precisely  the  number  of  osteopontin  mRNA  mol¬ 
ecules  present  per  cell  before  and  after  infection,  a  reverse 
transcriptase-PCR  assay  was  used  with  varying  levels  of  compet¬ 
ing  template.  The  results  demonstrate  that  the  levels  of  osteopon¬ 
tin  mRNA  were  higher  in  alveolar  macrophages  infected  with 
BCG  (Fig.  3,  lane  B)  and  virulent  M.  tuberculosis  (Fig.  3,  lane  Rv) 
than  in  macrophages  that  had  phagocytized  latex  beads  (Fig,  3, 
lane  L).  The  human  alveolar  macrophages  that  had  phagocytized 
latex  beads  contained  approximately  1  molecule  of  osteopontin 
mRNA  per  cell.  In  contrast,  the  alveolar  macrophages  that  had 
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Fig.  3.  Quantitative  analysis  of  osteopontin  mRNA  expression  by 
human  alveolar  macrophages  using  competitive  reverse  transcriptase- 
PCR.  (A)  Competitive  PCR  using  primers  specific  for  osteopontin 
cDNA.  Osteopontin  competitor  cDNA  had  binding  sites  for  the  PCR 
primers  but  contained  an  inserted  DNA  sequence  to  allow  for  the 
generation  of  a  larger-sized  PCR  product.  L,  cDNA  from  human 
alveolar  macrophages  that  phagocytized  latex  beads;  B,  cDNA  from 
human  alveolar  macrophages  that  phagocytized  BCG;  Rv,  cDNA  from 
human  alveolar  macrophages  that  phagocytized  M.  tuberculosis 
H37Rv;  N,  no  cDNA  added  to  the  PCR.  cDNA  from  approximately 
100,000  cells  was  used  in  each  reaction.  (B)  PCR  using  primers  specific 
for  control  actin  cDNA. 


phagocytized  BCG  andM  tuberculosis  had  about  10  molecules  of 
osteopontin  mRNA  per  cell.  This  magnitude  of  increase  in 
osteopontin  mRNA  after  exposure  to  mycobacteria  was  similar  to 
that  observed  with  the  murine  macrophage  model, 

Osteopontin  in  Human  Granulomatous  Diseases.  The  in¬ 
crease  in  osteopontin  mRNA  observed  in  infected  alveolar 
macrophages  predicts  that  osteopontin  protein  levels  should 
increase  in  human  tissues  infected  by  M.  tuberculosis.  We 
therefore  investigated  whether  the  presence  of  osteopontin 
protein  in  patient  tissues  correlated  with  the  histopathology  of 
tuberculosis.  Tissue  sections  from  normal  and  diseased  lungs 
were  stained  with  a  mAb  specific  for  osteopontin,  MPIIIBlOi, 
with  a  mAb  specific  for  the  macrophage  antigen  CD68  (24),  or 
with  an  isotype  control,  QH  1  (28).  The  MPIIIBlOi  mAb  has 
been  used  extensively  to  identify  osteopontin  by  immunohis- 
tochemistry  (29,  30)  and  immunoprecipitation  (31,  32). 

Osteopontin  was  readily  identified  throughout  specimens  of 
tuberculous  lung.  The  architecture  of  a  tuberculosis  lesion  with 
necrosis  (N)  and  with  a  lymphoid  aggregate  (L)  above  alveolar  air 
spaces  was  evident  in  sections  treated  with  the  isotype  control 
antibody  and  the  hematoxylin  counterstain  (Fig.  44).  No  staining 
(brown  color)  of  this  specimen  was  observed  with  the  isotype 
control  (Fig.  AA).  However,  when  an  adjacent  serial  section  was 
probed  with  the  MPIIIBlOi  antibody,  a  strong  osteopontin  signal 
was  detected  in  the  inflammatory  border  surrounding  the  necro¬ 
sis,  and  immediately  adjacent  to  and  within  the  areas  of  caseating 
necrosis  (Fig.  AB).  At  higher  power,  macrophages  were  identified 
in  a  serial  section  with  anti-CD68  antibody  and  the  fast  red 
reagent  (Fig.  4C),  These  cells  also  expressed  osteopontin  (Fig. 
AD).  Lymphocytes  identified  at  low  power  and  at  high  power  in 
Fig.  A  A  and  C  (L)  demonstrated  intense  osteopontin  signal  singly 
and  in  aggregates  (Fig.  4  B  and  D).  Giant  cells  expressed  CD68 
(Fig.  AE)  but  did  not  universally  stain  for  osteopontin;  in  general, 
epithelioid  giant  cells  e:5:pressed  osteopontin  (Fig.  AF).  Bronchio- 
lar  epithelium  (Fig.  4G)  and  small  blood  vessels  (Fig.  AH  and 
below  columnar  epithelium  in  Fig.  4G)  stained  with  the 
MPIIIBlOi  antibody  though  they  have  not  been  known  to  express 
osteopontin  in  normal  adult  tissue  (33-36).  In  addition,  osteopon¬ 
tin  appeared  in  layers  near  caseation  (Fig.  AB)  and  was  intimately 
associated  with  fibroblast-like  cells  in  a  number  of  views  (Fig.  4 
F,  G,  H).  In  summary,  osteopontin  was  identified  in  a  variety  of 
cell  types  within  the  tuberculosis  specimens. 

Specimens  from  normal  lung,  an  acute  inflammatory  con¬ 
dition  (bacterial  bronchopneumonia),  and  two  chronic  inflam¬ 
matory  conditions  (silicosis  and  granulation  tissue  of  a  pi¬ 
lonidal  cyst)  were  studied  to  assess  the  variety  of  situations  in 
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Fig.  4.  Immunohistochemical  stain  of  human  tuberculosis  specimen.  (A)  Tuberculosis  granuloma  stained  with  isotypc  control  antibody  showing 
hematoxylin  counterstaining  of  nuclei,  x90.  Area  of  caseating  necrosis  (N),  lymphoid  aggregate  (L),  {B)  Serial  section  of  granuloma  in  A,  stained 
for  osteopontin  with  mAb  MPIIIBlOi,  x90.  (C)  Serial  section  of  same  specimen  stained  with  anti-CD68  first-step  antibody  demonstrating 
macrophage  aggregate,  X360.  (O)  Higher  power  view  of  B  showing  same  macrophage  aggregate  staining  for  osteopontin,  X360.  (£)  Giant  cells 
in  specimen  stained  for  CD68,  x900.  (F)  Higher  power  view  of  B  showing  osteopontin  staining  of  epithelioid,  but  not  Langhans,  giant  cell,  X900. 
(G)  Small  airway  respiratory  epithelium  stained  for  osteopontin;  same  section  though  different  field  of  B,  X900.  {H)  Small  vessel  staining  with 
MPIIIBlOi,  x900.  Similar  results  were  obtained  with  sections  from  multiple  specimens  and  patients. 


which  osteopontin  could  be  detected.  Normal  lung  did  not 
show  significant  staining  for  osteopontin  either  in  alveolar 
networks  (Fig.  5/4)  or  in  airways  (not  shown).  The  broncho¬ 
pneumonia  specimen  had  scattered  cells  of  macrophage  and 
lymphocyte  morphology  that  produced  some  signal  with 


MPIIIBlOi  (Fig-  55).  Lymphoid  aggregations  associated  with 
the  pneumonia  were  also  positive  for  osteopontin  (not  shown). 
The  two  chronic  inflammatory  conditions  showed  dichoto¬ 
mous  results  for  the  presence  of  osteopontin.  Silicosis  is  a 
noninfectious  granulomatous  disease  (37).  The  silicotic  nodule 
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F.G  5  Immunohistochemical  stain  for  osteopontin  in  other  clinical  states.  (A)  Normal  lung  ^ 

MPIIIBlOi  (B)  Bacterial  bronchopneumonia  stained  with  MPIIIBIO,.  (C)  Lung  section  from  silicosis  patient  stained  for  CD68_  Infuse 
wrresjonds  to  fast  red  color  substrate.  (D)  Silicosis  specimen  stained  with  MPIIIBIO,.  (£)  Granulation  tissue  stained  for  CD68.  (f )  Granulation 
tissue  from  pilonidal  cyst  stained  for  osteopontin.  (All  images  x260.) 


with  its  characteristic  fibrosis  showed  an  abundance  of  mac¬ 
rophages  that  stained  with  CD68  (Fig.  5C).  These  cells,  and 
presumably  some  of  the  extracellular  matrix,  showed  heavy 
signal  for  osteopontin  on  immunohistochemical  staining  (Fig. 
5D).  Granulation  tissue  is  another  pathologic  process  charac¬ 
terized  by  mononuclear  cell  infiltration  but  is  distinct  from 
granulomatous  inflammation  (37).  While  the  granulation  tis¬ 
sue  of  the  pilonidal  cyst  showed  a  large  aggregation  of  giant 
cells  and  numerous  macrophages  based  on  CD68  staining  (Fig. 
5£),  there  was  no  osteopontin  detected  (Fig.  5F).  Thus,  only 
tuberculosis  and  silicosis,  the  two  granulomatous  conditions, 
expressed  high  levels  of  osteopontin  in  the  tissue  pathology. 

DISCUSSION 

The  experimental  approach  used  here,  employing  differential 
screening  of  cDNA  libraries  from  infected  cell  lines,  should 
continue  to  be  useful  in  future  studies  of  host-pathogen  interac¬ 
tions.  A  model  system  using  a  macrophage  cell  line  was  essential 
to  permit  infections  under  controlled  conditions  and  to  provide 
the  numbers  of  cells  necessary  to  generate  cDNA  libraries  and 
probes.  This  model  system,  employing  the  macrophage  cell  line 
used  by  Rastogi  and  colleagues  (18),  had  excellent  predictive 
value.  Our  results  agree  with  previous  reports  linking  MIP-la  and 
ferritin  expression  with  exposure  to  lipopolysaccharide  and  BCG 
(38-40).  The  J774  cel!  line  also  has  been  used  in  a  PCR-based 
strategy  to  determine  gene  expression  changes  after  exposure  to 
Listeria  monocytogenes  (41).  In  contrast  to  previous  work,  we  have 
extended  the  observations  made  with  the  in  vitro  model  to 
confirm  the  presence  of  elevated  levels  of  osteopontin  and 
MIP-la  (data  not  shown)  in  human  tissue  pathology. 


Using  this  approach  we  have  identified  a  novel  association 
between  osteopontin  and  two  granulomatous  diseases,  tuber¬ 
culosis  and  silicosis.  Infection  of  primary  human  alveolar 
macrophages  with  M.  tuberculosis  causes  a  substantial  increase 
in  osteopontin  gene  expression.  Elevated  levels  of  osteopontin 
protein  are  found  in  macrophages  and  lymphocytes  in  patho¬ 
logic  tissue  sections  from  patients  with  tuberculosis.  The 
association  of  osteopontin  with  tuberculosis  and  granuloma¬ 
tous  disease,  together  with  previous  evidence  that  osteopontin 
is  an  cytokine  and  macrophage  chemoattractant,  implicate 
osteopontin  in  granuloma  formation. 

Though  osteopontin  gained  its  name  from  its  presence  in  bone 
(42,  43),  it  is  expressed  in  a  variety  of  cell  types  (27,  34,  44), 
including  T  cells  (refs.  45, 46;  reviewed  in  ref.  21),  and  is  likely  to 
be  important  in  host  responses  to  infection.  This  secreted  glyco¬ 
sylated  phosphoprotein  has  been  shown  to  promote  macrophage 
migration  and  adhesion  (47,  48).  The  discovery  of  a  receptor- 
ligand  interaction  between  CD44  and  osteopontin  has  led  to  the 
proposal  that  this  interaction  may  mediate  migration  of  activated 
lymphocytes  and  monocytes  out  of  the  bloodstream  into  sites  of 
inflammation  (49).  Osteopontin  may  enhance  intercellular  inter¬ 
actions  and  facilitate  binding  to  the  extracellular  matrix  via  CD44 
and  integrins  (21).  This  interaction  could  anchor  CD44‘^  cells 
because  osteopontin  can  be  covalently  linked  to  fibronectin  by 
transglutaminase  (50). 

The  accumulation  of  osteopontin  in  tissues  infected  with  M 
tuberculosis,  and  osteopontin’s  role  in  macrophage  migration  and 
adhesion,  suggests  a  model  for  granuloma  formation.  In  this 
model,  phagocytosis  of  M.  tuberculosis  by  alveolar  macrophages 
leads  to  induction  of  osteopontin  gene  expression  and  protein 
secretion.  The  secreted  osteopontin  stimulates  accumulation  of 
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monocytes  and  macrophages,  perhaps  by  promoting  chemotaxis, 
adhesion,  and  anchoring  of  these  cells,  to  initiate  granuloma 
formation.  This  model  is  attractive  because  it  can  account  for  the 
genesis  and  maintenance  of  the  unusual  tissue  pathology  associ¬ 
ated  with  granulomas.  However,  granuloma  formation  appears  to 
require  more  than  the  simple  expression  of  osteopontin.  Low 
levels  of  osteopontin  were  observed  in  a  subset  of  cells  of  bacterial 
bronchopneumonia  tissue  sections  (Fig.  AB)  and  in  certain  cell 
types  in  normal  specimens  (34)  in  the  absence  of  granuloma 
formation.  The  duration  and  level  of  expression  of  osteopontin, 
the  specific  cells  producing  the  protein,  and  other  factors  in  the 
tissue  environment,  all  may  determine  whether  granuloma  for¬ 
mation  is  the  histologic  outcome  of  an  inflammatory  process. 

Future  studies  with  differential  screening  strategies  should 
reveal  additional  associations  between  specific  gene  products  and 
infectious  processes.  The  identification  of  genes  that  are  differ¬ 
entially  expressed  in  infected  host  cells  might  use  differential 
cDNA  screening,  differential  display  (41,  51),  or  high-density 
oligonucleotide  arrays:  (52).  As  human  genome  sequences  be¬ 
come  more  available,  these  approaches  will  be  even  more  valu¬ 
able  in  identifying  important  elements  of  host  defenses. 
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Osteopontin  Is  Associated  with  T  Cells  in  Sarcoid  Granulomas 
and  Has  T  Cell  Adhesive  and  Cytokine-Like  Properties 
In  Vitro^ 


Anthony  W.  O’Regan, GteoflFrey  L.  Chupp,^*^*  John  A.  Lowry,*  Margo  Goetschkes,^ 

Niall  Mulligan,^  and  Jeffrey  S.  Berman'’* 

Sarcoidosis  is  a  systemic  disease  characterized  by  the  accumulation  of  activated  T  cells  and  widespread  granuloma  formation.  In 
addition,  individual  genetic  predisposition  appears  to  be  important  in  this  disease.  Osteopontin,  a  noncollagenous  matrix  protein 
produced  by  macrophages  and  T  lymphocytes,  is  expressed  in  the  granulomas  of  tuberculosis,  and  is  associated  with  genetic 
susceptibility  to  intracellular  infection.  The  function  of  osteopontin  in  these  T  cell-mediated  responses  is  unknown.  We  sought  to 
elucidate  the  role  of  osteopontin  in  granulomatous  inflammation  by  characterizing  its  expression  in  different  stages  of  sarcoidosis 
and  its  effector  function  on  T  cells  in  vitro.  Lymphocyte-associated  expression  of  osteopontin  in  sarcoidosis  was  demonstrated  by 
immunohistochemistry,  and  its  expression  correlated  with  granuloma  maturity.  In  addition,  osteopontin  induced  T  cell  chemo- 
taxis,  supported  T  cell  adhesion  (an  effect  enhanced  by  thrombin  cleavage  of  osteopontin),  and  costimulated  T  cell  proliferation. 
These  results  suggest  a  novel  mechanism  by  which  osteopontin  and  thrombin  modulate  T  cell  recruitment  and  activation  in 
granulomatous  inflammation.  The  Journal  of  Immunology ^  1999,  162:  1024-1031. 


Sarcoidosis  is  a  chronic  T  cell-mediated  granulomatous  dis¬ 
ease  of  unknown  cause  (1).  In  the  United  States  the  inci¬ 
dence  rate  in  whites  is  5  per  100,000  and  in  African  Amer¬ 
icans  is  50  per  100,0(X)  (1).  The  etiology  and  pathogenesis  of 
sarcoidosis  is  poorly  understood.  It  is  generally  viewed  as  a  T 
cell-mediated  inflammatory  response  to  unknown  antigenic  stim¬ 
uli,  and,  at  least  in  some  cases,  genetic  predisposition  appears  to  be 
a  determinant  of  disease  susceptibility  and  severity  (2, 3).  Previous 
work  has  focused  on  identifying  specific  Ags  associated  with  sar¬ 
coidosis  (1).  However,  it  is  likely  that,  regardless  of  the  Ag  in¬ 
volved,  the  intensity  of  the  host  granulomatous  response  contrib¬ 
utes  significantly  to  the  morbidity  and  mortality  of  this  disease. 
Therefore,  understanding  the  host  determinants  of  disease  suscep¬ 
tibility  and  severity  in  sarcoidosis  may  facilitate  the  development 
of  therapeutic  and  preventive  strategies  in  this  disease. 

Osteopontin  (OPN)^  is  a  noncollagenous  adhesive  matrix  pro¬ 
tein  normally  found  in  bone  and  at  epithelial  surfaces  that  contains 
the  arginine-glycine-aspartate  (RGD)-binding  motif  conunon  to 
many  extracellular  matrix  (ECM)  proteins  (4-6).  Unlike  other  ma- 
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trix  proteins,  OPN  contains  a  thrombin  cleavage  site  adjacent  to 
the  RGD  domain  which,  upon  cleavage,  alters  the  adhesive  capac¬ 
ity  of  OPN  (7-9).  Studies  have  reported  both  the  augmentation  and 
inhibition  of  OPN-mediated  adhesion  by  thrombin  cleavage  (7-9). 
In  vitro,  OPN  promotes  integrin-  and  CD44-mediated  cell  adhe¬ 
sion  and  chemotaxis  in  osteoclasts,  smooth  muscle  cells,  mono¬ 
cytes,  and  B  lymphocytes  (10-15).  These  findings  have  led  to 
research  identifying  a  role  for  OPN  in  bone  resorption,  neoplastic 
transformation,  atheromatous  plaque  formation,  and  dystrophic 
calcification  of  inflamed  and  damaged  tissues  (5,  16-19). 

Recent  data  suggest  a  role  for  OPN  in  the  immune  response.  It 
is  produced  in  a  regulated  fashion  by  macrophages,  T  cells,  and 
NK  cells  (20,  21).  OPN  injected  s.c.  induces  macrophage  migra¬ 
tion,  and  in  vitro  it  supports  monocyte  adhesion  and  migration  (13, 
22).  In  addition,  the  expression  of  OPN  by  macrophages  and  T 
cells  in  heavily  calcified  prosthetic  heart  valves  suggests  that 
OPN  may  play  a  role  in  the  cell-mediated  process  of  dystrophic 
calcification  (19). 

OPN  is  also  important  in  the  genetic  resistance  to  intracellular 
pathogens  (20).  In  mice,  the  OPN  gene  maps  to  the  same  locus  as 
the  inunune  mediator  of  natural  resistance  to  the  intracellular 
pathogen  Rickettsia  tsutsugamushi.  Alleles  of  this  gene  that  result 
in  deficient  early  production  of  OPN  in  response  to  R.  tsutsuga¬ 
mushi  are  associated  with  disease  susceptibility  (20).  We  and  oth¬ 
ers  have  recently  described  the  expression  of  OPN  at  sites  of  gran¬ 
uloma  formation  in  tuberculosis  and  silicosis  and  its  up-regulation 
in  alveolar  macrophages  infected  with  mycobacteria  (23,  24).  The 
function  of  OPN  in  granulomatous  inflammation  is  unknown.  In 
view  of  these  data,  we  sought  to  characterize  the  in  vivo  expression 
of  OPN  in  the  granulomas  of  sarcoidosis  and  to  define  the  in  vitro 
effects  of  OPN  on  T  cell  function. 

In  this  report,  we  demonstrate  the  expression  of  OPN  in  gran¬ 
ulomas  of  pulmonary  sarcoidosis  and  note  a  characteristic  pattern 
of  prominent  lymphocyte  staining.  Based  on  these  observations, 
we  characterize  the  effects  of  OPN  on  human  T  lymphocyte  func¬ 
tion  in  vitro.  OPN  binds  to  T  cells,  supports  T  cell  adhesion  and 
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chemotaxis,  and  costimulates  resting  T  cell  proliferation  in  re¬ 
sponse  to  ligation  of  the  Ag  receptor.  Adhesion  is  modulated  by 
thrombin  cleavage  of  OPN.  These  data  show  that  OPN  is  a  T 
cell-associated,  RGD-containing  protein  with  cytokine/chemo- 
kine-like  functions  and  that  its  T  cell  interactions  are  regulated  by 
thrombin  cleavage.  The  juxtaposition  of  OPN  between  the  cell- 
mediated  response  and  the  coagulation  cascade  suggests  a  novel 
role  by  which  matrix  proteins  regulate  the  immune  response.  In 
view  of  these  findings  it  is  possible  that  OPN  may  regulate  the 
intensity  of  sarcoid  granulomatous  inflammation  by  recruitment 
and  immobilization  of  T  lymphocytes  and  by  modulating  T  cell 
function. 

Materials  and  Methods 

Cells 

Human  PBMC  from  normal  donors  were  separated  by  Ficoll-Hypaque  den¬ 
sity  gradient  centrifugation.  Monocytes  and  B  cells  were  removed  on  nylon 
wool  columns  as  previously  described  (25).  Resting  CD3-positive  T  cells 
were  isolated  by  immunomagnetic  negative  selection  with  Dynabeads 
M-450  (Dynal,  Great  Neck,  NY)  (26,  27).  Negative  selection  using  a  mix¬ 
ture  of  mAbs  including  HLA  DR  on  activated  T  cells,  B  cells,  and  mono¬ 
cytes;  CD20  on  B  cells;  CD16  on  NK  cells;  and  CD14  on  monocytes 
resulted  in  cell  populations  that  were  >95%  and  were  completely 

depleted  of  monocytes  as  determined  by  FACS  analysis  and  the  lack  of  a 
proliferative  response  to  optimal  concentrations  of  PHA  (PHA-L  form; 
Sigma,  St.  Lx)uis,  MO)  (28). 

Abs  and  reagents 

The  following  Abs  were  used.  Anti-OPN  Abs,  OP148APA  (kindly  donated 
by  D.  Senger,  Boston,  MA),  a  polyclonal  Ab  directed  to  human  milk  OPN, 
MPmBlO  (specific  for  rat  and  human  OPN),  and  its  isotype  control,  QHl 
(specific  for  quail  vascular  endothelial  cells),  purchased  from  the  Devel¬ 
opmental  Studies  Hybridoma  Bank  (Iowa  City,  lA),  were  used  for  immu- 
nohistochemistry;  polyclonal  rabbit  anti-fibronectin  (FN)  Ab  (No.  A0245; 
DAKO,  Carpinteria,  CA)  for  immunohistochemistry;  anti-CD3  Abs, 
monoclonal  anti-CD3  (Clone  HIT3a,  PharMingen,  San  Diego,  CA)  for 
T  cell  proliferation,  and  polyclonal  anti-CD3  (No.  A0452;  DAKO)  for 
immunohistochemistry. 

For  all  experiments  we  used  endotoxin-free  OPN,  purified  from  human 
milk  over  an  Ab  column  (kindly  donated  by  D.  Senger,  Boston  MA)  (29). 
Human  FN  and  thrombin  (3000  National  Institute  of  Health  units/mg  pro¬ 
tein)  were  purchased  from  Sigma,  and  rat  tail  collagen  was  purchased  from 
Life  Technologies  (Grand  Island,  NY). 

Thrombin  cleavage  of  OPN 

In  the  indicated  experiments,  OPN  was  cleaved  in  the  manner  described  by 
Senger  et  al.  (29).  Purified  OPN  was  incubated  with  purified  human 
thrombin  at  a  concentration  of  18  units  thrombin/ml  for  60  min  at  37®C, 
Protein  cleavage  was  confirmed  by  SDS-PAGE  and  Western  blot  with 
OP148APA  Ab. 

Immunohistochemical  staining 

Lung  biopsies  from  six  patients  with  pulmonary  sarcoidosis  were  obtained 
from  the  Gaensler  Lung  Archive  at  the  Boston  University  Pulmonary  Cen¬ 
ter  and  the  Boston  Veterans  Affmrs  Hospital.  These  specimens  were  par- 
aflftn  embedded  using  standard  techniques.  Immunohistochemical  staining 
was  facilitated  with  a  Ventana  ES  automated  stainer  (Ventana,  Tuscon, 
AZ).  Serial  sections  5  fim  thick  were  cut  and  baked  for  1  h  at  60°C  onto 
positively  charged  slides  and  then  deparafiinized  with  xylene  and  hydrated 
in  graded  alcohol  washes  to  water.  Slides  were  then  processed  with  Ven¬ 
tana*  s  protease  I  reagent  for  4  min  and  incubated  with  primary  Abs  for  32 
min  at  42°C.  Staining  was  detected  with  a  diaminobenzidine  kit.  Images 
were  photographed  with  Kodak  Ektachrome  film  and  scanned  into  Adobe 
Photoshop  to  create  composite  figures. 

Primary  Abs,  anti-OPN  mAb,  MPIIIBIO,  and  isotype  control  QHl  were 
used  at  1:150  dilution  of  hybridoma  supernatant  (500  and  625  ng/ml,  re¬ 
spectively).  Polyclonal  rabbit  anti-human  FN  and  anti-human  CD3  Abs 
were  used  at  a  concentration  of  1:200  and  1:150,  respectively.  Isotype 
control  rabbit  anti-IgG  polyclonal  Ab  (Organo  Teknika,  Durham,  NC)  was 
used  at  similar  concentrations.  The  above  concentrations  were  selected 
based  on  characteristic  and  selective  staining  patterns  of  positive  control 
paraffin-embedded  tissue  samples  (human  kidney  for  OPN  and  human  ton¬ 
sil  for  FN  and  CD3).  All  slides  were  read  by  a  blinded  pathologist  who 


graded  the  intensity  of  staining  as  follows:  0  =  no  staining;  1  —  weak 
staining;  2  =  strong  staining. 

Migration  assay 

T  cell  migration  was  assayed  using  a  modified  48-well  Boyden  chemotaxis 
chamber  (30).  Fifty  microliters  of  a  T  lymphocyte  suspension  containing 
10  X  10®  cells/ml  of  M199-HPS  with  0.4%  BSA  was  added  to  the  upper 
chambers,  separated  from  various  concentrations  of  human  milk  OPN  by 
an  S-(jm  pore  size  nitrocellulose  filter,  and  incubated  at  37®C  for  3  h.  The 
filters  were  fixed,  stained,  dehydrated,  and  mounted  using  standard  histo¬ 
logic  methods.  Lymphocyte  migration  was  quantitated  by  counting  the 
total  number  of  cells  migrating  beyond  a  certain  depth,  with  that  depth  set 
to  give  a  baseline  migration  under  control  conditions  of  5-15  cells  per  high 
power  field  (hpf).  Five  hpf  were  counted  for  each  of  duplicate  wells,  and 
results  were  calculated  as  mean  cells/hpf  ±  SD;  for  purposes  of  compar¬ 
ison  data  are  expressed  as  mean  percentage  of  control  migration  ±  SEM. 
Gradient  dependence  was  determined  by  a  checkerboard  technique  (30). 
OPN  was  placed  only  below  the  filter  (chemoattractant  present  with  con¬ 
centration  gradient),  both  above  and  below  the  filter  (chemoattractant 
present  without  concentration  gradient),  or  only  above  the  filter  (reverse 
gradient). 

Adhesion  assay 

The  adhesion  of  T  cells  to  OPN  was  assessed  utilizing  a  fluorometric  ad¬ 
hesion  assay  (31,  32).  Briefly,  96-well,  non-tissue  culture-treated  plates 
were  incubated  overnight  with  various  concentrations  of  either  OPN,  FN, 
or  rat  collagen  in  PBS  at  4°C.  OPN  adhesion  was  confirmed  by  Ab  detec¬ 
tion  ELISA  using  OP148APA  mAb.  The  plates  were  washed,  and  the  non¬ 
specific  binding  sites  were  blocked  by  incubation  with  2.5%  BS A/PBS  for 
2  h  at  37®C.  T  cells  were  labeled  with  the  acetoxymethyl  fluorescein  ester 
Calcein  AM  (Molecular  Probes,  Eugene,  OR),  by  incubation  at  room  tem¬ 
perature  for  30  min.  The  cells  were  washed,  activated  with  PMA  (Sigma) 
at  a  concentration  of  5ng/ml,  and  then  75,000  cells  were  added  to  each 
well.  The  cells  were  allowed  to  settle  at  4°C  for  1  h  and  then  were  rapidly 
warmed  in  a  water  bath  to  37'’C  for  10  min,  a  time  previously  determined 
to  give  maximal  adhesion.  The  wells  were  washed  five  times,  and  the 
fluorescence  of  the  remaining  adherent  cells  was  counted  on  a  plate  flu- 
orometer  (Hostar,  BMG,  Offenburg,  Germany).  The  percentage  of  adher¬ 
ent  cells  was  calculated  using  a  standard  curve  derived  for  each  adhesion 
assay.  The  results  are  expressed  as  the  mean  ±  SD  percentage  of  cells 
binding  from  triplicate  wells. 

Proliferation  assay 

Proliferation  assays  to  demonstrate  costimulation  were  performed  as  pre¬ 
viously  described  (26).  Ninety-six-well,  non-tissue  culture-treated  micro¬ 
titer  plates  were  prepared  by  incubating  the  indicated  concentrations  of 
anti-CD3  mAb  overnight  at  4°C  in  PBS.  Unbound  Ab  was  removed,  and 
various  concentrations  of  ECM  proteins  were  incubated  overnight  at  4°C. 
OPN  adhesion  was  confirmed  by  ELISA.  Human  T  cells,  50,000  in  200  /il 
of  RPMI  1640  supplemented  with  glutamine,  10%  heat  inactivated  FCS, 
penicillin,  and  streptomycin,  were  added  to  each  well  and  cultured  for  72  h 
at  37°C.  [^Hjthymidine  (1  yxCi/well)  was  added  for  the  last  12  h  of  the 
assay,  and  the  cells  were  harvested  onto  filters  using  an  automated  cell 
harvester.  Where  indicated,  PMA  was  added  at  a  concentration  of  1  ng/ml 
of  cells  and  incubated  either  with  immobilized  anti-CD3  or  alone  in  a 
similar  manner  as  outlined.  Results  are  expressed  as  the  arithmetic  mean 
cpm  ±  SD  of  triplicate  cultures. 

Statistical  analysis 

Data  are  expressed  as  mean  ±  SD.  Results  were  compared  for  significance 
using  Student’s  paired  two-tailed  t  test.  P  values  ^  0.05  were  considered 
significant. 

Results 

Lymphocyte-associated  expression  of  OPN  in  sarcoid 
granulomas 

OPN  expression  was  studied  in  open  lung  biopsies  from  six  pa¬ 
tients  with  pulmonary  sarcoidosis  (Table  I).  These  patients  varied 
in  demographics,  clinical  indices  of  disease  activity,  and  chest  x- 
ray  findings  and  represent  stages  in  the  spectrum  of  pulmonary 
sarcoidosis  from  early  active  to  advanced  end-stage  disease.  Tissue 
sections  were  stained  with  anti-OPN  (clone  MPHIBIO)  or  isotype 
control  (clone  QHl)  mAb  as  previously  described  (21,  23).  Wide¬ 
spread  OPN  expression  was  seen  in  sarcoid  granulomas  (Fig.  1,  a 
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Table  I.  Clinical  features  and  immunohistochemical  staining  of  lung  biopsies  in  six  cases  of  sarcoidosis 


Immunohistochemistry* 


Patient 

No. 

Clinical  Features 

Investigations 

OPN  granuloma  expression 

Age  and 
sex 

Symptoms 

Physical 

exam 

CXR 

stage*" 

TLC 

(%) 

FEVl/ 

FVC 

DLCO 

w 

Lymphocyte 

Histiocyte 

Matrix 

1 

35  M 

Cough 

Bilat  rales 

2 

94 

71 

67 

2 

1 

0 

2 

58  F 

Dyspnea/cough 

Bilat  rales 

2 

76 

74 

65 

2 

i 

0 

3 

42  F 

Dyspnea/cough 

Bilat  rales 

NA 

72 

93 

79 

2 

1 

0 

4 

35  M 

Chest  pain 

Normal 

2 

77 

80 

80 

1 

0 

5 

23  F 

Asymptomatic 

Normal 

nod 

89 

74 

NA 

2 

1 

0 

6 

66  F 

Dyspnea/cough 

Bilat  rales 

4 

50 

79 

75 

1-2 

1-2 

0 

FN  granuloma  expression 


Lymphocyte  Histiocyte  Matrix 

0  1  2 

1  2  2 

1  1  2 

1-2  1-2 
1  1  1-2 

0  1  2 


J  ‘  DLCO,  diffusion  capacity  of  the  lung  for  carbon  monoxide;  NA,  not  available;  TLC, 

Staining  as  graded  by  a  blinded  pathologist:  0  =  none;  1  =  weak;  2  =  strong;  —  =  no  lymphocytes  present. 

^  Siltzbach  Stage/nod:  nodular  sarcoid. 


and  b).  A  pattern  showing  predominant  staining  of  the  peripheral 
lymphocyte  rich  component  of  granulomas  was  a  characteristic 
observation  in  all  patients  (Fig.  lb).  Using  serial  sections,  we  dem¬ 
onstrated  intense  OPN  staining  of  CD3-positive  cells  (T  lympho¬ 
cytes)  (Fig.  1,  e  and/).  The  central  core  of  the  granulomas  con¬ 
taining  macrophages,  epithelioid  cells,  and  multinucleated  giant 
cells  also  exhibited  OPN  staining;  however,  this  was  less  than  that 
seen  in  lymphocytes  (Fig.  lb).  The  ECM  did  not  stain  for  OPN 
(Fig.  la).  No  staining  was  seen  with  the  isotype  control  Ab  (Fig. 
Ic).  To  determine  the  specificity  of  OPN  expression  in  inflamma¬ 
tory  lung  disease,  we  stained  lung  biopsies  from  four  patients  with 
acute  respiratory  distress  syndrome  (ARDS),  a  neutrophil-medi¬ 
ated  disease.  In  contrast  to  the  widespread  expression  of  OPN  in 
sarcoidosis,  OPN  was  seen  only  in  airway  epithelium  and  scattered 
macrophages  in  ARDS  (Fig.  Id).  As  we  have  previously  reported, 
this  staining  of  airway  epithelium  is  seen  in  inflamed  buLnot  nor¬ 
mal  lung  (23),  In  summary,  sarcoid  granulomas  exhibit  a  charac¬ 
teristic  pattern  of  strong  lymphocyte-associated  OPN  staining. 

OPN  expression  correlates  with  granuloma  maturity  in 
sarcoidosis 

OPN  expression  was  determined  in  granulomas  of  varying  cellu- 
larity  and  maturity  (Table  I;  Fig.  2,  a-f).  The  early  cellular  gran¬ 
ulomas  (Fig.  2a)  and  intermediate  granulomas  expressing  both  cel¬ 
lular  and  matrix  elements  (Fig.  2b)  showed  OPN  staining  (Fig.  2, 
d  and  e)  of  lymphocytes  and  histiocytes  but  not  matrix.  The  late 
fibrotic  granulomas  (Fig.  2c)  exhibited  significantly  less  OPN  ex¬ 
pression,  which  was  limited  to  multinucleated  giant  cells  (Fig,  If). 
This  pattern  was  in  contrast  to  that  seen  with  staining  for  FN, 
another  matrix  protein  with  immunomodulatory  functions  that  is 
expressed  in  sarcoidosis  (Table  I;  Fig.  2,  g-i)  (26,  33).  FN  was 
present  in  cellular  and  stromal  elements  within  and  surrounding 
granulomas  with  relative  sparing  of  lymphocyte  rich  areas  (Fig  2, 
g-i).  In  addition,  diffuse  matrix-associated  staining  for  FN  was 
seen  in  all  granulomas,  irrespective  of  cellularity  and  maturity  (Ta¬ 
ble  I;  Fig.  2,  g—i).  Again,  no  staining  was  seen  with  isotype  control 
(Fig  2,7-0.  These  data  demonstrate  that  OPN  expression  is  more 
pronounced  in  the  early  cellular  granulomas  of  sarcoidosis  and  that 
this  pattern  of  expression  is  distinct  from  that  seen  with  FN. 

OPN  induces  chemotaxis  in  T  cells 

Matrix  proteins  can  modulate  lymphocyte  function  (34).  Based  on 
OPN  immunoreactivity  in  T  cell  areas  of  granulomas  and  its 
known  ability  to  induce  migration  in  monocytes  and  a  murine  T 
cell  hybridoma,  we  postulated  that  OPN  would  modulate  human  T 
cell  migration  (12,  13).  The  ability  of  OPN  to  induce  T  cell  che¬ 


motaxis  was  analyzed  using  a  modified  Boyden  chamber.  OPN 
induced  chemotaxis  in  monocyte-depleted  nylon  wool  nonadher¬ 
ent  T  cells  (NWNTs)  at  OPN  concentrations  between  150  ng/ml 
and  16  /xg/ml  (2.5-250  nM).  The  experiment  was  repeated  three 
times  with  similar  results,  and  a  representative  experiment  is 
shown  in  Fig.  3.  In  all  experiments,  peak  migration  was  seen  be¬ 
tween  2-4  /rg/ml  (30-60  nM),  although  in  two  experiments  sig¬ 
nificant  migration  was  noted  at  concentrations  as  low  as  150  ng/ml. 
Although  it  is  possible  that  this  represents  chemotaxis  mediated  by 
different  receptors,  it  is  more  likely  due  to  intrinsic  variation  in  the 
bioassay.  The  magnitude  of  chemotaxis  seen  with  OPN 
(200-300%  over  migration  under  control  conditions),  was  similar 
to  that  seen  in  this  assay  with  other  lymphocyte  chemoattractants 
such  as  RANTES  and  IL-16. 

Checkerboard  analysis  (Table  II)  was  employed  to  determine 
whether  this  migration  was  chemotactic  (gradient  dependent)  or 
chemokinetic  in  nature  (random  migration  induced  by  chemoat¬ 
tractants  in  zero  gradient,  obtained  by  adding  equal  amounts  of 
OPN  to  the  upper  and  lower  chambers)  (30).  By  this  analysis,  the 
response  of  T  cells  to  OPN  was  .  present  solely  when  a  gradient 
existed  (OPN  in  the  bottom  well  only).  Chemokinetic  activity  was 
absent,  and,  in  fact,  high  concentrations  of  OPN  in  the  upper  cham¬ 
ber  significantly  reduced  migration  below  that  seen  with  control. 
Identical  results  were  obtained  in  two  separate  experiments.  Thus, 
OPN  induces  chemotactic  migration  in  human  T  cells. 

Activated  T  cells,  but  not  resting  T  cells,  adhere  to  OPN-coated 
surfaces 

Coordinated  migration  and  adhesion  is  essential  to  the  recruitment 
of  T  cells  to  inflammatory  sites.  Having  demonstrated  OPN-in- 
duced  T  cell  chemotaxis,  we  tested  the  ability  of  OPN  to  support 
T  cell  adhesion  using  a  fluorometric  adhesion  assay.  Although  rest¬ 
ing  T  cells  did  not  adhere  to  immobilized  OPN,  PMA  activation 
resulted  in  significant  T  celliOPN  adhesion.  Results  from  three 
experiments  showed  that,  at  a  concentration  of  5  /x.g/ml  of  OPN, 
27  ±  6%  (mean  ±  SD)  of  PMA-activated  T  lymphocytes  adhered 
to  OPN,  This  was  significantly  {p  <  0.05)  greater  than  lymphocyte 
adhesion  to  control  wells  (mean  ±  SD,  11  ±  1%)  but  less  than 
adhesion  to  FN  (mean  ±  SD,  57  ±  15%).  A  representative  exper¬ 
iment  is  shown  in  Fig.  4.  The  requirement  for  PMA  activation  is  a 
recognized  phenomenon  common  to  integrin  receptors  and  facili¬ 
tates  adhesion  by  clustering  or  altering  the  affinity  of  cell  surface 
adhesion  molecules  (35,  36). 
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FIGURE  1.  Expression  of  OPN  in  pulmonary  sarcoid  granulomas  and  ARDS,  a  and  b,  OPN  staining  (brown)  of  sarcoid  granulomas.  Magnification  (a)  X 100 
(b)  X200.  c.  Isotype  control.  Note  strong  lymphocyte-associated  and  weak  histiocyte-associated  staining  for  OPN  with  sparing  of  matrix,  d,  ARDS  stained  for  OPN. 
Note  OPN  stains  airway  epithelium  (arrow)  and  scattered  macrophages.  Inset,  No  detectable  OPN  signal  in  hyaline  membranes  or  neutrophils,  e  and/,  Serial 
sections  of  sarcoid  granuloma  stained  for  OPN  (e)  and  CD3  (f).  Note  the  strong  concordance  of  detection  of  OPN  with  CD3'^  T  lymphocytes. 


Thrombin  cleavage  enhances  T  cell  adhesion  to  OPN  (mean  ±  SD,  35  ±  5%)  and  a  similar  percentage  to  that  seen  with 

FN  (mean  ±  SD,  70  ±  20%).  T  cell  adhesion  to  thrombin-treated 
In  view  of  the  ability  of  T  cells  to  adhere  to  OPN,  and  the  known  collagen  did  not  significantly  increase.  Therefore,  OPN  is  a 

modulatory  effect  of  thrombin  cleavage  on  tumor  cell  adhesion  to  potent  substrate  for  T  cell  adhesion,  and  this  adhesion  is  positively 
OPN,  we  tested  the  hypothesis  that  thrombin-cleaved  OPN  would  modulated  by  thrombin  cleavage, 
support  increased  T  cell  adhesion  compared  with  uncleaved  OPN. 

OPN  was  cleaved  by  thrombin  and  immobilized  on  microtiter  Costimulation  of  CD3-mediated  T  cell  proliferation  by  OPN^ 

plates,  and  adhesion  was  compared  with  uncleaved  OPN  (Fig.  5).  Having  demonstrated  that  OPN  is  widely  expressed  in  T  cells  of 

Results  from  four  experiments  demonstrated  that  the  cleaved  frag-  sarcoidosis,  a  disease  characterized  by  chronic  T  cell  activation 

ments  of  OPN  supported  adhesion  of  a  greater  percentage  of  T  and  proliferation,  we  postulated  that  OPN  would  modulate  T  cell 

cells  (mean  ±  SD,  60  ±  15%,  p  <  0.05)  than  uncleaved  OPN  proliferation.  Immobilized  anti-CD3  mAb  ligates  the  TCR  and 


FIGURE  2.  Expression  of  OPN  and  FN  in  sarcoid  granulomas  of  varying  maturity,  a,  d,  g,  and  /  Early  cellular  granuloma,  b,  e,  h,  and  k.  Intermediate 
granuloma  expressing  both  cellular  and  matrix  elements,  c,/,  i,  and  /,  Late  fibrotic  acellular  granuloma.  Serial  sections  of  these  granulomas  are  stained  for 
hematoxylin  and  eosin  (H&E)  (a-c),  OPN  (d-f),  FN  (g-i),  and  isotype  control  (/-/)•  Note  intense  lymphocyte  immunoreactivity  for  OPN  with  sparing  of 
matrix  (jd-f)\  diffuse  immunoreactivity  for  FN  is  seen  without  prominent  lymphocyte  associated  staining  (g-Oi  staining  with  isotype  control  (/-/). 
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FIGURE  3.  OPN  induces  dose-dependent  T  cell  migration.  Using  mod¬ 
ified  Boyden  chemotaxis  chambers,  OPN  at  various  concentrations  was 
added  to  the  lower  wells  to  attract  lymphocytes  from  the  upper  chambers. 
Results  are  expressed  as  mean  percentage  (±  SEM)  of  migration  seen 
under  control  conditions  (no  OPN  in  the  lower  chamber),  in  which  control 
migration  was  15.5  ±  4  (mean  ±  SD)  cells/hpf.  Peak  migration  was  seen 
at  an  OPN  concentration  of  4  jLtg/ml  (60  nM).  *,  p  <  0.05). 


provides  a  partial,  but  submaximal,  signal  for  T  cell  proliferation 
that  is  enhanced  by  an  appropriate  costimuius.  We  observed  that 
OPN  markedly  amplified  this  CD3 -mediated  proliferative  response 
in  monocyte-depleted  NWNTs  (Fig.  6).  Although  high  concentra¬ 
tions  of  anti-CD3  mAb  engaged  the  TCR  sufficiently  to  trigger 
some  T  cell  proliferation,  at  lower  or  suboptimal  doses  the  prolif¬ 
eration  was  negligible  (Fig.  6).  At  all  concentrations  of  anti-CD3 
mAb,  the  presence  of  immobilized  OPN  resulted  in  significant  T 
cell  proliferation  (Fig.  6).  Despite  significant  donor  variation  in  the 
absolute  degree  of  proliferation  as  measured  by  [^H]thymidine  in¬ 
corporation,  over  several  experiments  the  T  cell  proliferative  re¬ 
sponse  in  the  presence  of  coimmobilized  OPN  was  two-  to  sev¬ 
enfold  greater  than  that  seen  with  anti-CD3  mAb  alone  (n  =  10, 
mean  ±  SD,  4.5  ±  2.5-fold).  Although  variability  in  the  magni¬ 
tude  of  proliferation  between  experiments  makes  it  impossible  to 
compare  the  potency  of  yarious  costimuli  in  vitro,  OPN-mediated 
costimulation  was  similar  to  the  response  observed  with  anti-CD3 
mAb  combined  with  either  FN  or  PMA,  both  known  costimulants 
(Fig.  7)  (26,  28). 

Since  OPN  supports  monocyte  adhesion  and  chemotaxis,  it  was 
possible  that  OPN  directly  activated  the  few  remaining  monocytes 
rather  than  lymphocytes  and  thereby  induced  monocyte-dependent 


Table  H.  Checkerboard  analysis  of  the  chemoattractant  effect  of 
osteopontin  on  T  cells^ 


OPN 

Below 

OPN  Above  Filter  (ng/ml) 

Filter 

(ng/ml) 

0 

6  32 

160 

800 

4000 

0 

100  +  16 

132  ±  13  128  ±  8 

96  ±  1 

123  ±  12 

64  ±6* 

6 

86  ±27 

83  ±  10 

32 

120  ±  16 

150  ±  27 

160 

200  +  24* 

133  ±  12 

800 

182  ±  17* 

104  ±  10 

4000 

293  ±  32* 

40  +  7* 

"  OPN-induccd  T  cell  migration  was  assessed  by  adding  OPN  at  various  concen¬ 
trations  to  the  lower  or  upper  wells  of  a  modified  Boyden  chamber.  Data  are  expressed 
as  mean  percentage  migration  (100%  is  migration  under  control  conditions)  ±  SEM 
m  which  control  was  5.8  ±  2.8  (mean  ±  SD)  cells/hpf.  OPN  induces  dose-dependent 
T  cell  migration.  Two  separate  experiments  produced  identical  results.  Significantly 
different  from  migration  under  control  conditions  (p  <  0.05). 
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FIGURE  4.  T  Cell  adhesion  to  OPN.  The  substrates  were  BSA  2.5% 
(control),  OPN  (5  ^g/ml),  and  FN  (10  /ig/ml).  Monocyte-depleted  NWNTs 
were  labeled  with  Calcein  AM  and  activated  with  PMA  (5ng/ml),  and 
adhesion  was  measured  using  a  fluorometric  adhesion  assay.  The  results 
are  expressed  as  the  mean  percentage  adhesion  ±  SD  of  triplicate  wells. 
PMA  activation  significantly  increased  T  cell  adhesion  to  OPN  and  FN  * 
p  <  0.05. 


T  cell  proliferation  (22).  We  demonstrated  that  OPN  is  a  direct 
costimulant  of  resting  T  cell  proliferation  by  vigorously  removing 
all  accessory  cells  using  magnetic  bead  negative  depletion.  The 
resultant  cells  were  >95%  CD3  positive  T  cells  by  FACS  and 
completely  depleted  of  all  accessory  cells  as  determined  by  lack  of 
a  proliferative  response  to  PHA.  Under  these  circumstances  OPN 
costimulation  resulted  in  significant  amplification  of  anti- 
CD3-induced  T  cell  proliferation  ([^HJthymidine  incorporation 
three- to  ninefold  greater  with  OPN  plus  anti-CD3  vs  anti-CD3 
alone,  n  =  2,  p  <  0.05). 

Discussion 

OPN  has  been  considered  a  matrix  protein  because  of  its  ROD 
motif  (5).  However,  it  has  many  other  novel  properties,  relevant  to 
inflammation  and  the  cell-mediated  immune  response,  that  suggest 
that  it  may  behave  more  as  a  cytokine  in  these  situations  (20,  21, 


FIGURE  5.  Effect  of  thrombin  cleavage  on  T  cell  adhesion  to  OPN.  The 
substrates  were  rat  collagen  (5  /ig/ml),  OPN  (5  /ig/ml),  and  FN  (10  /tg/ml). 
Each  substrate  was  incubated  with  thrombin  18  lU/ml  for  1  h.  Thrombin 
cleavage  significantly  augmented  the  adhesive  capacity  of  OPN  in  com¬ 
parison  with  intact  OPN  but  did  not  significantly  alter  that  seen  with  col¬ 
lagen  substrate.  *,  p  <  0.05. 
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Immobilized  AntiCDS  mAB 

FIGURE  6.  T  cell  costimulation  by  OPN  coimmobilized  with  anti-CD3 
mAb.  Anti-CD3  mAb  was  coimmobilized  at  various  concentrations  with 
OPN  (1  jxg/ml).  Monocyte-depleted  NWNT  proliferation  was  measured  by 
[^H]thymidine  incorporation.  Results  are  expressed  as  mean  ±  SD  of  trip¬ 
licate  cultures.  Anti-CD3  mAb  alone  induced  T  cell  proliferation,  which 
was  minimal  at  concentrations  below  375  ng/ml.  OPN  significantly  co¬ 
stimulated  proliferation  at  all  doses  of  ant-CD3  mAb.  p  <  0.05. 

23,  37).  In  this  paper,  we  have  demonstrated  widespread  T  cell- 
associated  OPN  immunoreactivity  in  sarcoid  granulomas.  In  addi¬ 
tion  we  have  characterized  its  modulatory  effects  on  T  cell  function 
in  vitro  relevant  to  T  cell  accumulation  and  activation  in  sarcoidosis. 

In  sarcoidosis  the  initial  granulomatous  response  involves  the 
coordinated  recruitment  and  focused  adhesion  of  both  macro¬ 
phages  and  activated  T  cells  (38).  Later,  possibly  as  the  Ag  induc¬ 
ing  the  response  is  cleared  or  contained,  granulomas  become  acel¬ 
lular  and  fibrotic.  The  coordinated  expression,  both  in  time  and 
space,  of  different  components  of  the  ECM  may  influence  and 
regulate  this  response.  In  this  regard,  we  identified  OPN  predom- 


FIGURE  7.  The  T  cell  costimulatory  signal  delivered  by  OPN  is  com¬ 
parable  to  that  of  FN  or  phorbol  ester.  The  proliferation  experiment  was 
performed  as  described.  Concentrations  of  reagents  were:  Anti-CD3  mAb 
(anti-CD3)  500  ng/ml  (100  ftl/well),  OPN  1  /mg/ml  (100  jutl/well),  FN  10 
ftg/ml  (100  p,l/well),  and  PMA  1  ng/ml  of  cells.  Proliferation  of  monocyte- 
depleted  NWNTs  was  measured  and  expressed  as  the  arithmetic  mean  ± 
SD  of  triplicate  cultures.  Results  show  significant  proliferation  in  response 
to  OPN  coimmobilized  with  anti-CD3  mAb  but  not  to  either  stimulus 
alone.  Anti-CD3  immobilized  with  FN  or  in  the  presence  of  PMA  also 
resulted  in  significant  proliferation.  *,  p  <  0.05. 
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inantly  in  the  T  cell-rich  areas  of  sarcoid  granulomas  and  noted 
that  its  expression  was  limited  or  absent  in  acellular  fibrotic  gran¬ 
ulomas.  Since  both  macrophages  and  activated  T  cells  can  produce 
OPN,  it  is  unclear  whether  this  lymphocyte-associated  staining 
represents  T  cell  adhesion  to  macrophage-derived  OPN  or  de  novo 
expression  of  OPN  by  T  lymphocytes  (20,  21).  These  findings 
suggest  that  OPN  may  interact  with  and  modulate  the  function  of 
T  cells  in  sarcoidosis.  Furthermore,  the  more  pronounced  expres¬ 
sion  of  OPN  in  active  cellular  granulomas  supports  a  potential  role 
for  OPN  early  in  granuloma  formation. 

The  expression  of  OPN  in  granulomas  differed  from  that  of  FN, 
another  matrix  protein  known  to  support  T  cell  adhesion  and  pro¬ 
liferation  (26).  In  contrast  to  the  cell-associated  expression  of 
OPN,  FN  was  predominantly  associated  with  the  ECM.  Further¬ 
more,  unlike  OPN,  FN  was  found  in  the  matrix  of  both  highly 
cellular  inflammatory  granulomas  as  well  as  acellular  fibrotic  gran¬ 
ulomas.  This  dissociation  of  FN  and  OPN  expression  suggests  that 
OPN  may  function  differently  from  FN  in  the  granulomatous 
response. 

Our  immunohistochemical  findings  differ  from  those  of  Carlson 
et  al.,  who  found  OPN  immunoreactivity  restricted  to  histiocytes  in 
granulomas  of  diverse  etiology  (24).  Using  Carlson’s  Ab,  a  mAb 
against  human  OPN,  we  found  a  similar  result  in  granulomas  of 
sarcoidosis.  However,  strong  lymphocyte-associated  OPN  immu¬ 
noreactivity,  in  a  pattern  identical  to  that  of  MPBiniO  mAb,  was 
detected  with  a  second  Ab  directed  against  an  epitope  adjacent  to 
the  thrombin  cleavage  site  on  human  OPN  (not  shown).  Whether 
this  disparity  is  due  to  differences  in  Ab  affinity  or  expression  of 
variant  epitopes  or  forms  of  OPN  is  not  yet  clear.  Based  on  the 
concordance  of  our  findings  using  two  distinct  Abs  and  the  exten¬ 
sive  prior  use  of  MPBIIIIO  mAb  for  immunohistochemistry  in 
human  tissue,  our  data  demonstrate  widespread  association  of 
OPN  with  T  cells  in  sarcoidosis  (21,  23). 

While  OPN  may  be  beneficial  to  the  host  early  in  the  granulo¬ 
matous  response,  persistent  OPN  expression  may  contribute  to  dis¬ 
ease  morbidity  and  mortality.  OPN,  along  with  other  bone  matrix 
proteins,  is  known  to  regulate  skeletal  mineralization  (16).  In  fact, 
OPN  has  been  reported  to  exert  both  positive  and  negative  influ¬ 
ences  on  tissue  calcification  (19).  Dystrophic  calcification,  the  pro¬ 
cess  by  which  inflamed  or  damaged  tissues  become  calcified,  is 
thought  to  be  a  coordinated  cell-mediated  response  regulated  by 
noncollagenous  ECM  components  (19).  It  has  been  shown  that,  in 
this  response,  OPN  expression  correlates  with  macrophage  and  T 
cell  infiltration  and  subsequent  tissue  calcification  (19),  Dystrophic 
calcification  occurs  in  some  chronic  granulomatous  lung  diseases 
and  is  associated  with  significant  tissue  dysfunction.  Although  dys¬ 
trophic  calcification  is  uncommon  in  sarcoidosis,  it  is  possible  that 
persisting  OPN  expression  may  be  a  determinant  of  lung  tissue 
mineralization  in  granulomatous  inflammation.  An  improved  un¬ 
derstanding  of  the  role  of  OPN  in  this  response  may  offer  a  ther¬ 
apeutic  approach  to  inhibit  an  aggressive  and  persistent  host  gran¬ 
ulomatous  response  that  is  ultimately  detrimental  to  disease 
outcome. 

We  have  shown  that  OPN  supports  the  chemotaxis  and  adhesion 
of  human  T  cells.  Taken  with  the  known  adhesive  and  chemotactic 
effects  of  OPN  for  monocytes  and  a  murine  T  cell  hybridoma,  our 
data  suggest  that  OPN  could  act  in  the  recruitment  and  focused 
adhesion  of  T  cells  and  monocytes  in  early  granuloma  formation 
and  may  promote  cell-cell  interactions  important  to  T  cell  activa¬ 
tion  (13,  14,  22).  Our  immunohistochemical  findings  suggest  that 
OPN  may  be  important  early  in  granuloma  formation.  This  is  fur¬ 
ther  supported  by  other  studies  that  show  that  lack  of  an  early  OPN 
response  is  associated  with  host  susceptibility  to  R.  tsutsugamushi 
in  mice,  that  macrophages  respond  to  Mycobacterium  tuberculosis 
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infection  by  prominent  early  production  of  OPN,  and  that  OPN  (or 
early  T  lymphocyte  activation  1  (eta-1)  protein  )  is  a  major  early 
protein  produced  by  activated  T  cells  (20,  23,  37). 

The  adhesion  of  T  cells  to  OPN  is  increased  by  thrombin  cleav¬ 
age  of  OPN.  A  number  of  previous  studies  evaluating  the  regula¬ 
tion  of  OPN  activity  by  thrombin  cleavage  have  reported  conflict¬ 
ing  results.  One  report  demonstrated  that  thrombin  treatment 
reduced  RGD-mediated  adhesion  to  recombinant  human  and  na¬ 
tive  bovine  OPN  (9).  Conversely,  it  has  been  shown  that  cleavage 
of  native  human  OPN  augments  adhesion  to  a  variety  of  human 
cell  lines  including  fibroblasts,  smooth  muscle  cells,  and  tumor 
cells  (7).  In  addition,  by  generating  peptides  corresponding  to  the 
cleaved  fragments  of  OPN,  it  was  shown  that  the  N-terminal  frag¬ 
ment,  which  contains  the  ROD  domain,  supports  adhesion  of  a 
human  melanoma  cell  line  that  is  unable  to  adhere  to  the  C-ter- 
minal  fragment  or  native  OPN  (8).  Our  data  concur  with  the  latter 
two  studies  and  support  a  role  for  thrombin  in  the  augmentation  of 
T  cell  adhesion  to  OPN.  These  conflicting  studies  do  not  represent 
mutually  exclusive  results.  OPN  contains  another  potential  throm¬ 
bin  cleavage  site  within  the  RGD  domain,  and  it  is  possible  that 
different  thrombin  cleavage  conditions  or  variable  access  to  this 
thrombin  cleavage  site  could  disrupt  the  RGD  sequence  and  RGD- 
mediated  adhesion  (8).  Furthermore,  since  OPN  can  bind  a  number 
of  receptors  that  are  differentially  expressed  on  different  cells  and 
cell  lines,  it  is  possible  that  some  interactions  are  augmented  while 
others  are  inhibited  by  thrombin  cleavage,  depending  on  the  cell 
tested.  Based  on  our  data,  thrombin  serves  to  up-regulate  T  cell 
adhesion  to  OPN  in  vitro. 

The  expression  of  OPN  in  granulomatous  diseases  and  the  role 
of  thrombin  in  regulating  OPN  adhesion  have  interesting  implica¬ 
tions  in  the  pathogenesis  of  granuloma  formation.  There  is  ample 
data  suggesting  that  active  thrombin  and  “procoagulant  activity” 
follow  granuloma  formation.  Increased  bronchoalveolar  lavage 
procoagulant  activity  and  the  presence  of  circulating  D-dimers 
have  been  demonstrated  in  pulmonary  sarcoidosis  (39, 40).  More¬ 
over,  Perez  reported  that  mice  susceptible  to  granuloma-inducing 
Ags  from  M.  tuberculosis  have  increased  procoagulant  activity 
while  nonsusceptible  mice  have  increased  plasminogen  activator 
activity  (41).  Taken  together  with  our  data,  this  suggests  that  ac¬ 
tivation  of  the  T  cell-adhesive  properties  of  OPN  represents  a 
novel  role  for  thrombin  in  granuloma  formation  and  that  the  im¬ 
munomodulatory  effects  of  the  coagulation  system  may,  in  part,  be 
delivered  through  its  interaction  with  OPN.  The  impact  of  inhibi¬ 
tion  of  coagulation  on  granulomatous  inflammation  is  unknown, 
although  heparin  treatment  has  been  shown  to  inhibit  delayed-type 
hypersensitivity  reactions  (42). 

Costimulation  of  proliferation  by  OPN  is  a  property  shared  with 
other  matrix  proteins  (34).  The  ability  of  FN,  laminin,  and  hyal¬ 
uronic  acid  to  costimulate  T  cell  proliferation  through  distinct  re¬ 
ceptors,  both  RGD-dependent  and  -independent,  suggests  that  dif¬ 
ferent  components  of  the  ECM  may  have  specific  immune 
modulatory  effects  (26,  43).  Chronic  T  cell  activation  and  prolif¬ 
eration  is  an  essential  component  of  sarcoid  granulomatous  inflam¬ 
mation  (38).  The  lymphocyte-associated  expression  of  OPN  in  sar¬ 
coidosis  and  its  ability  to  co  stimulate  T  cells  suggest  another 
mechamsm  by  which  T  cell  proliferation  is  augmented  within  the 
sarcoid  granuloma. 

In  the  sarcoid  lung  and  in  models  of  sarcoid  granuloma  forma¬ 
tion,  the  earliest  pathologic  finding  is  a  mononuclear  infiltration  of 
T  lymphocytes  and  monocyte-macrophages  followed  by  the  for¬ 
mation  of  distinct  granulomas  (38).  Elaboration  of  specific  granu- 
lomagenic  factors  is  thought  to  coordinate  this  process  (38).  While 
granuloma  formation  likely  reflects  a  complex  interaction  of  cy¬ 
tokines,  cell-cell,  and  cell-matrix  interactions,  an  ideal  granuloma- 
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genic  factor  would  be  produced  in  large  amounts  early  in  granu¬ 
loma  formation,  persist  during  inflammation,  and  be  cleared  when 
inflammation  wanes;  and  it  would  support  the  chemotaxis  and  sub¬ 
sequent  adhesion,  activation,  and  proliferation  of  recruited  inflam- 
matoiy  cells.  Our  data  show  that  OPN  possesses  many  of  the  prop¬ 
erties  of  an  ideal  granuloma-forming  matrix.  In  addition,  the 
known  association  of  genetically  determined  OPN  expression  and 
susceptibility  to  intracellular  infection  in  mice  suggests  that  dif¬ 
ferent  alleles  of  the  OPN  gene  may  determine  genetic  susceptibil¬ 
ity  and  pathogenesis  of  granulomatous  immune  responses,  includ¬ 
ing  sarcoidosis.  Finally,  the  link  between  the  coagulation  cascade 
and  OPN  activity  suggests  a  novel  therapeutic  approach  to  sar¬ 
coidosis  using  anticoagulant  inhibitors  of  thrombin  generation  and 
activation. 
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Experimental  iiitentittal  pnemonta  mediated  by  €08*  cytotoxic  T  cells  does  not 

require  perforin  or  Fas:  Importance  of  TNF^  expressed  by  T  cells 

Dana  FiedeldeyT.  Ward  R-  Ricel.  and  Richard  1.  En^t 
tUniversity  of  Vitginia  School  of  Medicine.  Charlottesvnie,  VA,  USA;  ‘Assiut 
University,  Egypt;  and  fChildren’s  Hospital  Medical  Center,  Cincinnati,  OH,  USA. 

CDS*  T  cells  appear  to  play  an  important  role  in  many  inflammatory  lung 
The  primary  function  of  this  T  cell  subset  is  cytolysis  of  viius-inf^ed  , cells, 
and  ttiere  are  two  accepted  mechanisms  by  which  this  occurs:  the  perforin/granzyipe- 
mediated  patiiway  of  cytolysis  and  the  Fas  ligand-Fas  pafliway  of  mductum  of  t^et 
cell  apoptosis.  This  is  based  primarily  upon  data  obtained  using  hematopoetic  cell  Imes 
as  targets.  We  have  used  a  transgenic  murine  model  of  T  cell-mediated  mterstitial 
pneumonia,  and  a  novel  in  vitro  assay,  to  directly  assess  Ae  mechanisms  involved  m 
alveolar  injury  caused  by  cytotoxic  CD8+  T  cells.  We  show  Aat  FasL-induced  Fas- 
mediated  apoptosis  does  not  directly  contribute  to  T  cell  mediated  alveolar  cell  mjuiy, 
Aough  Fas  is  expressed  and  functional  on  alveolar  epiAelial  cells.  We  have  also 
demonstrated  Aat  Ae  perforin-independent  cytolytic  activity  of  CD8+  T  cells  on 
alveolar  epiAelial  cells  is  accounted  for  exclusively  and  entirely  by  Amor  necrosis 
fector-alpha  (TNF-a)  which  is  expressed  on  T  cells.  Furthermore,  lung  injury  mediated 
by  cytolytic  CD8'*^  T  cells  in  vivo  does  not  require  perforin  or  Fas,  but  is  depend^t 
umn  TNF-a  expression  on  Ae  T  cells,  and  TNF  receptor  expression  on  Ae  alveolar 
epiAelial  cell.  These  results  suggest  Aat  alveolar  epiAelial  cells  are  unusually  sensitive 
to  T  cell-triggered  TNF-a-mediated  apoptosis,  and  resistant  to  FasL-induced  apoptosis. 
We  Arther  propose  Aat,  in  Ae  absence  of  virus  infection,  perforin-mediated  cytolysis 
does  not  contribute  significantly  to  alveolar  injury  by  T  cells.  These  results  may  have 
important  ramifications  in  Ae  paAophysiology  of  interstitial  lung 
TMtabctF^ctisfaiKicdbr-  NIH/NHLBI,  ALA  irginia 


OSTEOPONTIN,  A  NOVEL  EARLY  T  CELL  ASSOCIATED  CYTOKINE  IN 
GRANULOMATOUS  DISEASE,  AUGMENTS  A  THl  CYTOKINE  RESPONSE 
A.W.  O^Regan  E  A.  Wright  J.S.  Berman.  The  Pulmonary  Center,  Boston  Univeisity 
School  of  Medicine,  Boston,  MA,  US  A. 

IL12  and  Interferon  (IFN)y  production  are  central  to  Thl  granulomato^  respon^ 
like  sarcoidosis  and  tuberculosis.  Osteopontin  (OPN)  is  an  ROD  containing  cytokine 
expressed  by  macrophages  and  T  cells,  and  is  associated  wiA  early  host  responses  to 
mycobacteria.  We  have  previously  shown  Aat  OPN  U  associated  with  T  cells  m  the 
granulomas  of  Aberculosis  and  sarcoidosis,  and  can  fonction  as  a  pro-inflammatory  T 
cell  cytokine/chemokine  in  vitro.  In  view  of  Aese  data,  we  hypoAesized  Aat  OPN 
would  support  a  Thl  cytokine  response.  Methods:  Human  nylon  wool  non-adherent  T 
cells  were  stimulated  wiA  anti-CD3  mAb  wiA  and  wiAout  co-immobilized  human 
OPN  (lug/ml).  IFNy  and  IL12  were  measured  in  Ac  supernatants  and  by  intracellular 
FACS  analysis  at  24  and  48  hours.  Results:  By  ELISA,  Ae  production  of  IFNy  hy  T 
cells  was  1.7  fold  greater  in  Ac  presence  of  OPN  co-immobilized  wiA  anti-CD3  mAb 
as  compared  to  anti-CD3  mAb  alone  (n=7,  1.7+/-0.6  fold  increase,  p<0.05).  OPN 
alone  did  not  induce  IFNy,  By  FACS  analysis,  OPN  wiA  anti-CD3  mAb  induced  15% 
of  CD3+  T  cells  to  produce  IFNy,  as  compared  to  5%  of  T  cells  stimulated  with  anti- 
CD3  alone.  IL12  production  was  similarly  augmented  by  stimulation  wiA  OPN  (n=:7, 
1.9+/-0,6  fold  increase,  p<0.05).  OPN  augmentation  of  both  IFNy  and  ILI2  was  ROD 
dependent.  OPN  co-stimulation  did  not  increase  IL4  production.  Conclusions:  OPN 
augments  early  Thl  cytokine  production  in  vitro  via  an  ROD  dependent  interaction. 
As  OPN  is  associated  wiA  early  events  in  granulomatous  disease  and  intracellular 
infection,  our  data  suggest  Aat  OPN  dependent  IL12  and  IFNy  production  represents 
an  early  cytokine  pa  A  way  modulating  Thl  granulomatous  diseases. 
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ALLOREACTIVE  CLONED  TH1  CELLS  THAT  INDUCE  LUNG  INJURY 
LOCALIZE  IN  LUNG  BY  A  MECHANISM  INVOLVING  LFA-1 . 

A  F  Dixon.  J.B.Mandac.  P.J.Martin.  D.ICMadtes,  R.K.Hackman  &  J.G.CIark.  Fred 
Hutchinson  Cancer  Research  Center  &  University  of  Washington,  Seattle.  WA. 

Acute  lung  injury  is  a  common  complication  of  bone  marrow  transplantation . 
Graft  versus  host  disease  (GVHD)  Is  a  major  risk  factor  for  this  form  of  lung  Injury. 
Th1  cells  have  been  implicated  In  the  generation  of  GVHD.  We  previously 
described  a  mouse  model  of  acute  lung  injury  induct  by  Th1  cell  clones  (Jl.  161 : 
1913  1998).  These  Clones  recognize  one  of  the  two  forms  of  LyS  (CD45),  LySa 
or  Ly’sb,  expressed  on  murine  hematopoetic  cells.  Injection  of  alloreactive  cells 
prxxluces  lung  Injury,  no  other  major  organs  are  Injured.  To  investigate 
mechanisms  that  result  in  selective  injury  to  lung,  we  studied  the  in  vrvo 
distribution  of  T  cells  after  l.v.  injection.  ®’Cr  labeled  anti-LySa  cells  were 
administered  by  tall  vein  injection  into  LySa  and  Ly5b  animals.  After  1  hour 
greater  than  85%  of  redioacfivity  was  detected  in  lung,  and  the  level  of 
radioactivity  in  lung  was  approximately  18  fold  higher  than  any  other  organ.  At  24 
hours  40%  of  radioactivity  was  still  localized  In  lung.  Lung  injury  was  observed  in 
LySa.  ’but  not  Ly5b  mice.  Indicating  that  localization  of  Thl  cells  is  not  sufficient  to 
induce  lung  injury.  We  then  studied  the  role  of  adhesion  molecules  by  co¬ 
administering  ^^Cr  labeled  cells  with  neutralizing  antibody  to  LFA-1  (Fab  fragment 
of  MK17/4).  Radioactivity  in  lung  was  reduced  by  approximately  50%  at  24  hours 
compared  with  isotype  control.  Animals  deficient  In  ICAM-1  (PNAS,  90:  8529. 
1993)  also  had  reduced  localization  of  T  cells  at  24  hours.  These  studies  suggest 
that  lung  localization  of  these  T  cells  is  partially  dependent  on  the  interaction 
between  LFA-1  and  ICAM-1.  Further  studies  are  required  to  delineate  the 
interaction  between  T  cell  localization  and  the  development  of  lung  injury. 
ThlsabitractlsftftMleilby:  HL55200 


PULMONARY  ALVEOLAR  ADHERENT  CELLS  REGULATE  T 
CELL  RESPONSES  IN  THE  I  .TTNO  J.  Zhang-Hoover  and  Joan  Stein- 
Stmilein.  Schepens  Eye  Research  Institute  and  Pulmonary  and  Critical 
Care  Division,  Dept,  of  Medicine,  Brigham  and  Women’s  Hospital, 

Harvard  Medical  School,  Boston,  MA  021 14,  USA 

The  hapten  immune  pulmonary  interstitial  fibrosis  (HIPIF)  is  induced 
by  priming  mice  for  contact  hypersensitivity  response  to  hapten  (2,4,6- 
Trinitrobenzenesulfonic  acid,  TNBS)  followed  by  a  single  intratrachael 
challenge  (FT)  with  the  hapten.  FT  challenged-only  mice  do  not  develop 
fibrosis  and  heal  the  pulmonary  lesion  induced  by  Ae  hapten  exposure. 
Mice  that  are  only  challenged  (FT)  wiA  TNBS  downregulate  MHC  U 
and  B7.2  on  bronchoalveolar  lavage  (B  AL)  adherent  cells  compared  to 
cells  from  naive  mice.  However,  sensitized  mice  Aat  are  FT  challenged 
express  MHC  n  and  upregulate  MAC-1  and  B7.1  on  BAL  adherent  cells 
compared  to  challenged-only  mice.  Cells  from  sensitized  and  challenged 
mice  also,  uniquely,  express  more  intracellular  TNFa  (flow  cytometric 
analysis).  Moreover,  BAL  adherent  ceils  from  challenged-only  mice 
suppress  T  cell  proliferation,  while  BAL  adherent  cells  from  sensitiz^ 
and  challenged  mice  promote  boA  mitogen  (Concanavalin  A)  and  antigen 
(TNP)  specific  T  cell  proliferation  in  vitro.  These  results  show  Aat  pnor 
sensitization  releases  Ae  BAL  adherent  cells  from  Aeir 
immunosuppressive  mode  to  support  T  cell  activation  and  chronic 
inflammation  leading  to  fibrosis.  The  phenotype  of  Ae  alveolar  adherent 
cells  and  cytokine  profile  determine  wheAer  T  cell  responses  occur  in  Ae 
lung. 
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ESSENTIAL  ROLES  OF  THE  FAS-FAS  UGAND  PATHWAY  IN  THE 
DEVELOPMENT  OF  PULMONARY  FIBROSIS. 

N.Hagimoto*,  ^  M.  Kawasaki*.  T.  Yatomf,  N.  Nakamura^^ 
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‘Research  Institute  for  Diseases  of  Ae  Chest,  Faculty  of  Medicme,  Kyushu 
University,  Fukuoka  ^iosciences  Research  Laboratory,  Mochida 
Pharmaceutical  Co.,  Tokyo  ‘Department  of  Genetics,  Osaka  Univeisity 
Medical  School,  Osaka,  JAPAN 

Fas  ligand  (FasL)  is  predominantly  expressed  in  activated  T  cells  and  one  of  the 
major  effector  molecules  of  cytotoxic  T  lymphocytes,  which  can  transduce 
apoptotic  signals  to  Fas  bearing  cells.  We  previously  demonstrated  Aat  the 
excessive  jqioptosis  of  lung  epithelial  cells  and  Ae  overexpression  of  FasL  ^ 
inRNA  in  infiltrating  lymphocytes  in  bleomycin-induced  pulmon^  fibrosis  in 
mice.  To  investigate  Ae  roles  of  Fas-FasL  paAway  in  bleomycin-induced 
pulmonary  fibrosis,  we  first  investigated  wheAer  Fas  {Ipr)  or  FasL^efident 
(gld)  mice  are  resistant  to  development  of  this  model.  Compared  with  wild-type 
mice,  gW-and  /pr-mice  were  relatively  resistant.  Secondary,  admi^ttation  of 
hFas-Fc  prevented  epithelial  cells  apoptosis  and  pulmonary  fibrosis  in  Ais 
model.  These  results  indicate  Aat  Fas-FasL  pathway  has  essential  roles  in  Ae 
development  of  pulmonary  fibrosis,  and  that  preventing  this  pathway  would 
have  Aerapeutic  value  in  lung  injury  and  fibrosis. 
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